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Abstract: 
With an increasingly ageing population the requirement for titanium implants 
will grow. A major challenge is to speed up the rate and strength of osseo-
integration. Bioactive glass coated titanium is postulated to improve bone-
bonding ability of titanium. However, bioactive glasses have a higher thermal 
expansion coefficient (TEC) than titanium and are more prone to 
crystallization during coating process. Therefore, the aim was to develop a 
bioactive glass coating that matches the TEC of titanium does not crystallize 
during coating process and forms surface apatite in vivo and in vitro. To 
achieve these qualities certain compounds (MgO, CaF2 and MgF2 and 
fluorapatite (FA) crystals) were substituted or added to the glass composition.  
The glasses were prepared using melt-derived route. The ground glasses 
were sieved to obtain less than 45 µm diameter glass particles and this 
powder characterised using X-ray diffraction (XRD), differential scanning 
calorimetry (DSC) and Fourier transform infrared spectroscopy (FTIR). Glass 
rods were cast to measure TEC, glass transition temperature (Tg) and 
softening temperature (Ts) using Dilatometry. Glass structure was 
investigated by measuring glass density and oxygen density. The apatite-
forming ability of the glass powder was assessed in both Tris-buffer and 
simulated body fluid (SBF). Filtrates were analysed by inductively coupled 
plasma spectroscopy (ICP). Titanium disks were coated with bioactive 
glass/composites using the enamelling technique. Coated samples were 
characterised by (XRD, FTIR) and scanning electron microscopy (SEM-
EDS). Bioactivity of coating samples was studied after 1 month immersion in 
Tris-buffer solution or SBF. Biocompatibility assays of glass coatings were 
assessed using UMR106 osteoblast-like cells and a fibroblast cell line. 
The results generated some interesting findings – firstly it is possible to 
produce glasses with comparable TEC of titanium and wide sintering 
windows. Although most preparations were more bioactive compared with 
those of Saiz and Tomsia–not all preparations were bioactive. Some coatings 
were biocompatible with fibroblasts, but not osteoblast-like cells. Whilst some 
glasses might not be suitable for a coating, they may have use as structural 
scaffolds for skeletal reconstruction. 
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1. Introduction and background 
1.1 Introduction 
 
In the past 20 years, surgical placement of dental implants has increased 
steadily worldwide, reaching about one million dental implants per year (Le 
Guehennec et al., 2007). Dental implants can be used to substitute missing 
tooth or teeth for many reasons, such as congenital anodontia, trauma, 
cancer, failed root canal treatment, carious roots and chronic periodontitis 
(Gassner et al., 2000; Gurlek et al., 1998; McMillan et al., 1998).  
The clinical success of dental implants is attributed to the osseo-integration 
process. According to Branemark, 1996 osseo-integration can be defined as 
“the close apposition of new and reformed bone in congruence with the 
fixture, so that there is no interposition of connective or fibrous tissue at the 
light microscopic level”. This phenomenon depends on biological process of 
bone regeneration to obtain implant stability after abutment placement 
(Berglundh et al., 2003).  A number of studies showed that the success rates 
of oral implant treatment are high (Behneke et al., 2000; Romanos and 
Nentwig, 2000; Khayat et al., 2001, Mordenfeld et al., 2004; Jemt, 2008). It 
was found that the 5-year survival rates of dental implants replacing single 
missing tooth is 95.6%; whereas for the implants replacing a group of teeth 
as fixed prostheses is about 97.7 % (Pow and Leung, 2008). Although 
success rates of dental implants are high, failures still do occur (Patrick, 
2008). Failure may be classified as early or late. Early failure occurs before 
establishment of osseo-integration and prosthetic placement, late failure 
occurs after prosthetic replacement (Albrektsson et al., 1986). Factors, such 
as systemic diseases and medications may interfere with the regeneration 
process of dental implants (Gruber et al., 2006; Mombelli and Cionca, 2006, 
Alsaadi et al., 2008) and contribute to implant failure.  
The most common constituent of dental implants are commercially pure 
titanium and titanium alloy. Titanium has excellent corrosion resistance and 
physical properties (Faria et al., 2008). It could exhibit proper biocompatibility 
and almost certain osseo-integration (Branemark, 1969; Pohler, 2000). It is 
thought that the biocompatibility of titanium is attributed to the formation of a 
surface titanium oxide layer (Moritz et al., 2004). However, still the ability of 
       
23 
 
pure titanium to integrate with host bone and to induce blood vessels 
proliferation is insufficient. 
The quality of titanium dental implants depends on chemical, physical, 
mechanical and topographical features of the surface (Grassi et al., 2006). 
The first generation of successful titanium dental implant, which have been in 
clinical use for almost 50 years, are machined with a smooth surface 
topography. Since then, the importance of implant surfaces has been 
recognised to play a pivotal role in biological process, such as cellular 
behaviour, molecular interaction and bone-integration. The second 
generation has been developed with modified surfaces to improve and speed 
up bone-implant integration. This, in turn, improves implant stability during 
healing process and implant performance in a region of poor bone quality 
and quantity. Hence, this development may permit the application of early or 
immediate implants loading protocol.   
 
1.2 Attempts of coating titanium implant thermally with bioactive 
materials: Back ground  
 
Several methods have been developed to modify the surface of dental 
implants in order to improve its bone-bonding ability. Coating titanium 
implants with plasma sprayed HA is one of these methods (Kong et al., 
2002). The implants coated by such a method have a rapid integration rate 
and enhance and direct bone attachment compared to non-coated implants 
(Baltag et al., 2000).  
However, it has been shown that the stability of the coating produced by 
plasma spraying is weak, the coating may undergo cracking and loss of 
adhesion during heat treatment (Gross et al., 1998), and this technique is 
unsuitable for more complex shapes (Gomez et al., 1999). These drawbacks 
may be associated with porosity and coating thickness, thermal expansion 
mismatching of HA (13.3X10-6 /oC) (Chern Lin et al., 1994) and titanium (9.4-
10.3 x10-6 /oC), weak interfacial bonding and the low dissolution process of 
HA particles (Sun et al., 2001). Activation of osteoclast cells by HA particles 
and subsequent bone resorption has been observed as well (Sun et al., 
1999).   
An alternative approach is by coating titanium implants with bioactive 
glasses. These glasses when exposed to biological environments undergo 
chemical reactions and form HA on their surfaces, which is similar to 
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biological apatite in bone, thus forming chemical bonds with bone (Pajamaki 
et al., 1995). In addition, some bioactive glasses not only bond with bone, but 
also with soft tissues (Hench, 1998). The reaction of bioactive glasses to 
body tissues is very fast (within hours) compared to HA, which reacts very 
slowly and bonds with bone only (Schrooten et al., 1999). It has been shown 
that coatings made of bioactive glasses are more resistant to suppuration in 
infected site compared to HA coatings; due to the alkaline medium produced 
by these glasses (Mistry et al., 2011).  
Coating a titanium substrate with bioactive glasses has two advantages: to 
improve bone-implant adhesion and to protect the metallic substrates from 
corrosion (Hench and Andersson, 1993; Sousa and Barbosa, 1991, 1995, 
1996). However, coating titanium substrate with Bioglass® using plasma 
spray technique was unsuccessful; due to a poor glass-metal interface and a 
rapid degradability of this glass when exposed to body fluid (Hench and 
Anderson, 1993). The weak glass-metal adhesion is attributed to the low 
silica content and the high TEC (14-15x10-6 /oC) of Bioglass® (Krajewski et 
al., 1985) compared to titanium and titanium alloy (9.4-10.3x10-6 /oC). 
Besides, Gomez and co-workers, 2000 stated that the formation of a thin 
silicide layer at the glass-metal interface could be another cause of coating 
failure. Further attempts to coat titanium implants with Bioglass® by an 
enamelling route also failed, because the glass crystallized during thermal 
treatment and as a result the coating detached from the underlying substrate 
(Pazo et al., 1998A; 1998B).  
Many studies identified the importance of TEC (Pazo et al., 1998A; Gomez et 
al., 1999 and 2000; Lopez et al., 2003) during coating. Therefore, efforts 
have been made to tailor the TEC of bioactive glasses to that of titanium. 
Increasing the concentration of SiO2 or adding B2O3 to the glass composition 
is one of these approaches (Pazo et al., 1998B; ElBatal et al., 2003). The 
major drawbacks of increasing SiO2 content is that glass bioactivity 
decreases, and the melting temperature increases. Mechanical strength and 
glass stability can be affected by adding B2O3 to glass composition (ElBatal 
et al., 2003). 
Other attempts were made by partial substitution of MgO and K2O for CaO 
and Na2O (Pazo et al., 1998A&B; Gomez et al., 1999 and 2000; Lopez et al., 
2003). This is based on the fact that the TEC of the former oxides is lower 
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than that of the latter oxides. However, it has been stated that the rate of 
apatite formation in simulated body fluid decreases with increasing MgO 
content in CaO-SiO2 glass (Ebisawa et al., 1990). 
In order to maintain the bioactivity after partial substitution of MgO for CaO, 
particles of HA and Bioglass® were incorporated into bioactive glass coating 
(Gomez et al., 2000). A multi-layer approach (Gomez et al., 1999) and a 
double-layer glass ceramic (Verne et al., 2004; Kim and Lee, 2005) coatings 
were also attempted to coat titanium implant. The composition of the inner 
layer is tailored to match TEC of the titanium substrate and to facilitate 
adhesion of the outer bioactive layer. However, this technique would be 
costly and more complicated. 
 
 
1.3 Structure of the thesis: 
 
This thesis is organised in a conventional way: following the introduction 
(Chapter 1), clinical and biomaterial background of dental implants, bone and 
bone structure and glass and glass structure including bioactive glasses were 
analysed and criticised in the form of a literature review (Chapter 2). The 
materials and methods used during this research comprising Chapter 3. The 
results of glass series (powder and coatings) are analysed and discussed 
thoroughly in Chapters 4, 5, 6 and 7. The results of cell culture experiments 
are discussed in Chapter 8. The conclusion of this research is given in 
Chapter 9.  
 
 
1.4 Hypothesis: 
 
Bioactive glasses have high thermal expansion coefficient (TEC) and tend to 
crystallization during coating procedure. These glasses might lose or reduce 
their bioactivity after coating process. Altering the glass composition by 
adding or substituting compounds might tackle these problems. The 
hypothesis is that:  
- Substitution of MgO for CaO, magnesium will decrease TEC and 
suppress crystallization from occurring. 
- Addition of CaF2 will mantain and improve apatite forming ability of the 
glass. 
- Replacing MgF2 and MgO for ZnO will improve the thermal property 
(TEC, Tp and Tg) and bioactivity of the glass. 
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- Mixing FA crystals with glass will improve bioactivity of the glass.   
   1.5 Aims and objectives of the study: 
 
The main aim of this study is to improve the quality and performance of 
titanium dental implant. This is important in situations, such as osteoporotic 
patients and irradiated jaws, where bone quality and quantity are insufficient 
to stabilise and support dental implants. Bioactive glass coating of dental 
implants can be an appropriate choice to achieve such a goal. Therefore, we 
attempt to develop a bioactive glass coating that has the following criteria: 
 A thermal expansion coefficient matching or close to that of titanium 
substrate. 
 A wide sintering window and can resist crystallization during coating 
process. 
 Form surface apatite with a short onset of time. 
 Biocompatible to osteoblast and fibroblast cells. 
 Has an osteoconductive and osteoinductive properties. 
In order to achieve the following aims: 
 To speed up osseo-integration process of dental implants. 
 To reduce the incidence of peri-implantitis. 
 To reduce the time required for loading after implantation.  
 To improve durability of dental implants. 
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2. Literature review 
2.1Dental implant: 
2.1.1 Overview: 
 
A dental implant is a prosthetic devices made from alloplastic materials 
usually pure titanium or titanium alloy (Ti6Al4V). Dental implant can be 
inserted into the mandible or maxilla, beneath the mucosa and periosteum 
and within the bone to retain and support the fixed or removable prosthesis 
(Stellingsma et al., 2004).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Dental implant (endosteal type). 
       
Dental implants consist of three components: the fixture which is inserted into 
the bone, the part carries the prosthesis is called the abutment and the 
prosthesis, which is either a fixed or removable prosthesis. Due to worldwide 
use of dental implants by dentists for replacing missing teeth both for partially 
or completely edentulous patients, there are a wide variety of dental implants. 
Most dental implants have different forms (Garefis, 1978) and shapes. 
Nevertheless, dental implants can be classified either according to 
geometrical forms into: fine, screw, cylinder, basket and root form. Or they 
could be categorised according to the fixture (body of the implant), since this 
part derives its support and stability from bone (Blacrom, 1999). In general 
dental implants can be categorised into: Endosteal, subperiosteal and 
transosteal implants. 
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Endosteal dental implants are the most common type used nowadays, Figure 
1. These types are less invasive than other implants (e.g. transosteal dental 
implants), since it penetrates the upper cortical plate of the jaw. The implant 
body (fixture) usually is situated within the alveolar bone and/or the basal 
bone. The fixture of these types comes in different geometries such as 
cylinder, conical, screw or blade. Also it could be categorized as one-stage 
surgery or two-stage surgery. In the former, the implant is inserted in the jaw 
and projected into the oral cavity through oral mucosa. In contrast, in the 
latter, implants are placed surgically into the bone and covered by oral 
mucosa to facilitate healing process. After 4-6 months, the implant is 
uncovered and connected to the prosthesis. 
Subperiosteal (eposteal) implants, also called non-ossointegrated design, 
since the metal frame (fixture) rests on the bone rather than inserts within the 
bone, Figure 2. The framework has a post pierces the mucosa to attach to 
the prosthesis. Ramus frame and intramucosal inserts are examples of the 
eposteal oral implant. The eposteal type is rarely used nowadays, due to 
introduction of new materials or techniques that overcome the drawbacks of 
this type. Disadvantages of subperiosteal implants include epithelial ingrowth, 
dehiscence of the implant, infection and parasthesia of the mental nerve 
(Garefis, 1978; Bodine, 1996). 
                                                
           Figure 2: Subperiosteal type.                        
 
Transosteal implants are more surgically invasive than other types, Figure 3. 
These are usually used in the mandible, and the implant part inserts through 
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the lower border of the mandible. It penetrates the full thickness of the bone 
through incision in submental region under general anaesthesia. There are 
two types of transosteal dental implants, either transmandibular implant 
system or staple bone implant (Blacrom, 1999). The staple form has a plate 
which fits against the lower border of the jaw. It is attached to the posts which 
penetrate the upper border of the jaw. The prosthesis is carried by these 
posts (Worthington, 1994). 
        
 
Figure 3:  Transosteal (transmandibular) type. 
 
In general, dental implants can be categorised into: immediate which is 
implant placement before healing of extraction site; early means implant 
insertion 4-8 weeks after tooth extraction and late placement after completion 
of healing process (Pivodova et al., 2011). Regarding the healing time, still 
there is controversy about the time required for the implants to osseo-
integrate (Gerds and Vogeler, 2005). The conventional protocol for loading of 
dental implants with prosthetic devices requires 6-months immobility for 
implants placed in the maxilla and 3-months for implants inserted in the lower 
jaw (Branemark et al., 1977). This period of implant immobility is to ensure 
the beginning of the healing time, which is necessary to establish secondary 
stability responsible for success of loaded-implants (Adell et al., 1981). 
However, implant protocols have developed and the 2-stage approach is not 
the only choice of treatment. New concepts of implant loading include 
(Ostman, 2008):  
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Immediate loading: prosthesis is connected at the same time or within 24 
hours of implant insertion. 
Early loading: prosthesis is connected at a second stage surgery, less than 
classical loading protocol, within days or weeks. 
Delayed loading: prosthesis is connected at a second stage surgery after a 
routine healing time of 3-6 months.  
 
2.1.2 Failure of dental implants: 
 
Success of dental implants is ascribed to the osseo-integration process. This 
term refers to direct contact between the implant surface and the living bone, 
so that there is no intervening soft tissue layer between them at the light 
microscopic level (Branemark, 1996). This process depends on mechanical 
support to obtain primary stability (Esposito et al., 1998A&B) and biological 
process of bone regeneration to achieve secondary stability (Berglundh et al., 
2003).   
Many studies reported that the success rate of dental implants of healthy 
people is high (95%) (Naert et al., 2000; Bahat, 2000; Karoussis and 
Bragger, 2004; Jemt, 2008). Moreover, Patrick, 2008 found that success rate 
of fixed supported dental implant prostheses was 95% after 5-years and 87% 
after 10-years respectively. However, failures still do occur, and is defined 
as” the inadequecy of the host tissue to establish or maintain osseo-
integration “(Esposito et al., 1998 A). 
Dental implant failure can be classified into early failure, when osseo-
integration fails to occur or late failure, when the established osseo-
integration is broken down after certain period of loading (Esposito et al., 
1998A). There are many factors behind failure of dental implants. These 
factors may be associated with surgical procedure, implant design and 
patient-related factors. Patient-related factors can be further classified into 
microbiological, biomechanical and biological or local and systemic factors.     
The most suspected reason behind failure of a dental implant within 3 
months of insertion is the tissues overheating during osteotomy (Hadi et al., 
2011). If bone is heated to 47oC for 1 minute, the possibility of bone necrosis 
is very high. It is thought that the conditions under which surgical procedure 
is performed might have influence on success of dental implants.  
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There are many factors influencing the initial implant stability such as implant 
length, diameter, thread configuration and surface texture (Sennerby and 
Roose, 1998; Dos Santos et al., 2011). The texture of the surface is an 
important factor, as it influences the amount of bone deposited at the bone-
implant interface (Cooper, 2000). Many studies showed that the rate of 
implant failure is higher in relatively smooth surfaces (Jemt and 
Lekholm,1995; Bahat,1992; Nevins and Langer,1993; Jemt,1994; Esposito et 
al., 1998B) compared with rough-implant surfaces (Albrektsson and 
Johansson, 2000;Lazzara et al.,1998;Grunder et al.,1999;Glauser et al., 
2001). However, in an area of poor bone quantity, a combination of 
microscopic implant features and macroscopic level of implant design (profile 
of implant thread) may improve the stability of the implant-bone interface 
(Stanford, 1999). 
It is generally agreed that implants placed in the maxilla have a higher failure 
rate compared to that inserted in the mandible (Esposito et al., 1998A; Buser 
et al., 1997 and Moy et al., 2005). In addition, the rate of implant loss in the 
posterior regions of upper and lower jaws is higher than that of anterior 
segment (Moy et al., 2005). These differences may be attributed to the 
quality of bone and the type of the load imposed on upper and lower implants 
(Esposito et al., 1998B). The low bone density and insufficient bone volume 
have a significant contribution to implant failure (Liddelow et al., 2011). 
Infection is another possible cause of dental implant failure. Failure of dental 
implant is usually related to microflora that is associated with periodontitis. 
When the transition from gram positive aerobic bacteria to gram negative 
anaerobic bacteria is predominated, then occurrence of peri-implantitis and 
consequent failure of dental implants is more likely (Mombelli, 1999). Peri-
implant mucositis is defined as an inflammatory lesion inhabits the oral 
mucosa, whereas peri-implantitis affects oral mucosa and the supporting 
bone (Lindhe and Meyle, 2008). 
Occlusal overload is a biomechanical factor that may be associated with the 
late failure of implants. It has been shown that successful osseo-integrated 
dental implants underwent crestal bone loss when subjected to excessive 
occlusal stress (Adell et al., 1981; Cox and Zarb, 1987; Isidor, 1997). Dental 
implants differ from natural teeth in that they are lacking a periodontal 
ligament, which acts as a shock absorber and has mechanoreceptors. 
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Crestal bone could act as a fulcrum point for lever action when dental 
implants are subjected to a bending moment. Thus, susceptibility of crestal 
bone loss is high when a mechanical force is applied to oral implants. The 
detrimental effect of these forces is transmitted to the implant-bone interface 
via the material of the occlusal surfaces of implant supported prostheses 
(Skalak, 1983; 1985). Hence, excessive occlusal stresses could be reduced 
by using resilient elements within the prostheses to prevent late implant 
failure.  
Age, gender and smoking are biological factors which may contribute to 
failure of dental implant. Op Heij et al., 2003 reported that dental implants 
can be compromised by jaw growth in young patients. Besides, it stated that 
advanced age is a possible cause of implant failure (Salonen et al., 1993). 
The effect of age might be associated with development of certain systemic 
diseases, such as osteoporosis. Gender by itself, on the other hand, has no 
effect on the implant outcome (Moy et al., 2005). 
It is thought that smoking alters the inflammatory response, and promotes 
progression of periodontal disease (Akef et al., 1992). Recent research has 
indicated that peri-implantitis is frequently occurs in heavy smokers 
(Fransson et al., 2009). This might explain the low success rate of dental 
implant in smokers (80%) compared with non-smokers (91%) (Moy et al., 
2005). 
 
2.1.3 Outcome of dental implant in medically compromised patients: 
 
The influence of systemic conditions on the osseo-integration process is 
poorly documented (van Stenberghe et al., 2002). However, few studies 
indicated that systemic factors might contribute to implant failure (Alsaadi et 
al., 2007; Alsaadi et al., 2008; van stenberghe et al., 2002). Many literature 
indicated that conditions such as oral cancer, bisphosphonate, diabetic 
mellitus and osteoporosis have been considered as contraindications for 
dental implants (Oikarinen et al., 1995; Blanchaert, 1998; Fugazzotto, 1997). 
Therefore, a general view of the effect of these conditions on success of 
dental implant will now be discussed:   
Oral cancer is usually treated by radiotherapy, chemotherapy and/or surgical 
ablation. After such treatments, patients are usually suffering from soft and 
hard tissue defects or deformity. Rehabilitation of oral defects by 
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conventional prosthetic methods might be hampered, as surgical 
reconstruction alters the oral anatomy and radiotherapy causes xerostomia 
and disturbs the healing process. In such a situation, dental rehabilitation can 
be performed using dental implants.   
However, implants treatment of patients with oral cancer is not always 
successful, especially in irradiated jaws and area reconstructed by bone 
graft. Therefore, there is a considerable debate about the effect of irradiation 
on success rate of dental implants. This effect depends on the observation 
period and the radiation dosage. The results of Yerit et al., 2006 showed that 
the survival rate of irradiated bone (72%), non-irradiated bone (95%) and 
grafted bone (54%) after 8-year observation at the same radiation dose (50 
Gy). On the contrary, Guesta-Gil et al., 2009 stated that the survival rate was 
92.9% in irradiated patients with 50-60 Gy after 9 -year follow-up. The same 
results have been reported by Taira et al., 2006 after 10-year probation using 
40 GY radiation dose.   
It is noteworthy that the location is also considers another factor affecting 
survival rate of dental implants after irradiation. It has been shown that the 
survival rate in the maxilla is lower than that of mandible (59% and 85%, 
respectively) (Visch et al., 2002). Further, Cao and Weischer, 2003 
postulated that the failure rate in irradiated maxillary bone was twice than that 
of non-irradiated maxillary bone.   
Bisphosphanate is a group of drugs that have been used in the treatment of 
metabolic and oncologic bone diseases such as paget’s disease and multipl-
myloma. A complication associated with this drug is osteonecrosis affecting 
upper and lower jaws. The effect of this complication on success rate of 
dental implants has been studied. Kasia et al., 2009 stated that the 3-year 
success rate of dental implants in patients on oral bisphosphonate is lower 
than that of patients who receive dental implants, but are not taking this drug 
(86% and 95% respectively). In contrast, another study demonstrated that 
the success rate of dental implants of patients treated with bisphosphanate 
was 100%, whereas those who not treated with this drug was 99.2% after 1 
to 4 years follow-up (Jeffcoat, 2006). Moreover, Bell  and Bell, 2008 stated 
that there was no exact relationship between implant failure and 
bisphosphonate-containing oral medications and the 3-year success rate was 
95%. 
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Diabetic patients usually experience lower healing rate, decrease in immune 
defence, reduction of collagen production and increased collagenase activity 
(Kotsovilis et al., 2006; Fiorellini and Nevins, 2000). Therefore, implants 
might be contraindicated in diabetic patients (Park, 2007). This is because 
dental implants involve osseo-integration and periodontal wound healing (Loo 
et al., 2009). 
The survival rate of implants in diabetic patients has been studied during the 
last 10 years. It ranges between 88.8%-97.3% one year after surgical 
placement and 85.6%-94.6% one year after prosthetic loading (Mellado-
Valero et al., 2007).  Olson and his co-workers, 2000 stated that the 5-year 
survival rate of dental implants was 90%. The association of survival rate of 
dental implants with age and duration of diabetes has been investigated. 
Tawil et al., 2008 and Morris et al., 2000 have reported that there is no 
correlation between disease duration and age with success rate of dental 
implants. Nonetheless, a recent study has shown that the mean age of 
implant loss was 51.7 years at the time of surgical placement (Koldsland et 
al., 2009). 
Osteoporosis is a systemic disease characterized by a decrease bone 
mineral density (Glaser and Kaplan, 1997). Cancellous bone is more affected 
by osteoporosis, as it responds more quickly to metabolic alteration. 
Therefore, maxillary bone is more prone to be affected by this disease 
compared to mandibular bone, as it contains more trabecular bone (Wowern, 
1992). However, research found that the success rate of dental implant was 
97% of the maxilla and 97.3% of the mandible after 3 years and 4 months 
follow-up (Friberg et al., 2001).  
 
2.1.4 Biomaterial of dental implant: 
 
Metals such as pure titanium, tantalum, niobium, zirconium, cobalt-chromium 
alloy, Ti-6Al-4V alloy, and ceramics such as aluminium oxide, hydroxyapatite 
(HA), or β-tricalcium phosphate have been used as materials of dental 
implants (Jung et al., 2001). Titanium is still the material of choice for dental 
implants due to its excellent mechanical properties, corrosion resistance and 
biocompatibility (Faria et al., 2008; Pohler, 2000). It has adequate hardness 
and mechanical resistance, high surface energy, medium elastic modulus 
(Wang and Li, 1998), high strength to weight ratio (Massaro et al., 2002) and 
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a relatively low density (Parr et al., 1985). Titanium combines the strength of 
steel and iron with the light weight of aluminium, for this reason it is 
preferable in the dental field (Lu et al., 2000). 
Dental implants are usually manufactured from commercially pure titanium 
and sometimes titanium alloys. Pure titanium is the only metal that can 
establish a direct connection with bone (Albrektsson et al., 1981). 
Commercially pure titanium (cpTi) has various degrees of purity (graded from 
1 to 4). The majority of dental implants are made from grade 4 cpTi, since it 
is stronger than other grades. Pure titanium is a white metal, with low density 
and has the ability to form an important alloy with different metals (Noort, 
1987). It has low tensile strength; however, it is widely used for dental 
implants since its lower tensile strength has an insignificant effect (Adell, 
1983). The Young’s modulus of pure titanium is low compared with titanium 
alloy; therefore, it transmits the loads equally to bone (Bidez and Mish, 1992).   
Titanium alloys are mainly composed of Ti6Al4V (grade 5 titanium alloy) with 
a greater yield strength and better fatigue properties than pure titanium 
(Steinemann, 1998). Titanium alloy is light weight, has high strength and the 
ability to withstand high temperature. Besides, it has higher tensile strength 
compared with pure titanium; hence, titanium alloy is more desirable in the 
high load bearing area such as hip implants (Abkowitz et al., 1955). 
Moreover, the elastic modulus of Ti alloy is slightly higher than that of 
commercially pure titanium (113 MPa compared with 104 MPa of cpTi) 
(McCracken, 1999).  
Titanium is one of the most corrosion resistant metals and this applies 
equally to its alloy (Williams, 1981). The corrosion resistance of titanium is 
proved to be excellent in a biological environment (Griffin et al., 1983; Bundy 
et al., 1983). It develops a surface oxide layer during exposure to air and 
aqueous medium like other non-nobel metallic implant materials (Olmedo et 
al., 2009). It is commonly accepted that the corrosion resistance of titanium is 
attributed to the formation of a surface (TiO2) layer. However, it has been 
shown that the TiO2 layer does not by itself prevents metal corrosion (Noort, 
1987), but the rate of corrosion decreases in the presence of this layer.  The 
thermodynamically stable oxide layer (TiO2) is formed at ambient 
temperature, this layer occurs in three different forms: Rutile, Brookite and 
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anatase (Velten et al., 2002). The rutile layer is a more stable crystalline form 
and has similar bioactivity behaviour to ceramics (Zhao et al., 2005).  
The TiO2 surface layer contributes to the biological interaction at the titanium-
bone interface (Moritz et al., 2004). Linder and Hansson, 1983 showed that a 
2000 nm layer of proteoglycan separated the titanium implant from bone. It is 
believed that the formation of the proteoglycan layer is attributed to the high 
stability of the TiO2 layer on the metal surface (Kasemo, 1983). The 
formation of the proteoglycan layer at the implant-bone interface is peculiar 
for titanium compared with zirconium and stainless steel (Albrektson et al., 
1985, 1986).  
The oral and hip implants are made of titanium and bone is the main 
anchorage of both devices. However, the interface consists of bone in the 
case of hip implants; whereas the surface of the oral implant attaches to 
bone, connective tissue and epithelium (Noort, 1987). During insertion of the 
titanium implants in the soft tissues, a fibrous layer is formed around titanium 
implant, the thickness of this layer can be considered as an evidence of the 
biocompatibility of a material (Williams, 1981). Nevertheless, other studies 
indicated that under certain conditions no fibrous layer is formed between 
titanium and connective tissue, instead a perfect attachment was observed 
(Kavanagh et al., 1985; Swope, 1981). 
However, titanium and titanium alloy have certain shortcomings. The 
biocompatibility and osteogenesis of Ti-6Al-4V alloy is still a matter of debate 
(Blumenthal and Cosma, 1989; Maurer et al., 1994). The inability of titanium 
alloy to osseo-integrate may be ascribed to the release of vanadium and 
aluminium ions (Okazaki and Gotoh, 2005; Yoruc et al., 2007), leading to a 
poor osseo-integration and failure of implant prosthesis (Bedi et al., 2009). 
Rahal et al., 1993 stated that titanium does not enhance osteogenesis from 
osteoblast precursor cells in bone marrow and lacks osteoconductivity. The 
other limitation of titanium is that its dark colour can shine through the bone 
and mucosa (Heydecke et al., 1999), which is an aesthetic problem. 
 
2.1.5 Types of dental implant surfaces: 
 
1- Smooth surfaces: the original dental implants had relatively smooth 
machined surface (Branemark, 1969). Recently, these surfaces have not 
been used due to their shortcomings: poor biological response at the bone-
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implant interface (Elias et al., 2008), insufficient mechanical interlock with 
bone, allows epithelial down growth and is associated with peri-implantitis 
(Puleo and Thomas, 2006).   
2- Rough surfaces:  these surfaces were employed clinically and have 
excellent long term follow-up (Adell et al., 1981; Branemark et al., 1977). The 
better clinical outcome of these surfaces is associated with the following 
advantages : less crestal bone resorption (Wiskott and Belser,1999); faster 
and higher rate of bone deposition (Abrahamsson et al., 2004); high implant-
bone contact (Suzuki et al.,1997), increased surface energy, enhanced 
protein adsorption, stimulate osteoblasts migration and proliferation and 
osteointegration (Dohan Ehrenfest et al., 2010). Furthermore, transmission 
electron microscopy (TEM) showed that HA formed directly on machined 
implant surfaces (Ballo et al., 2011). 
However, these surfaces have certain negative consequences due to 
alterations in surface micro-composition (Cehreli et al., 2004). These 
changes increased the risk of peri-implantitis particularly on highly rough 
surfaces (Albrektsson and Wennerberg, 2004). Furthermore, ionic leakage 
has also been reported due to high implant-tissue contact (Albrektsson and 
Wennerberg, 2004).   
3- Porous surfaces: these surfaces are unlike rough surfaces as they lack the 
sharp edges and are characterised by pore size, shape and depth (Sykaras 
et al., 2000). These surfaces are synthesised from spherical metallic or 
ceramic powders. The end product of this technique is that the metallic 
becomes a coherent mass with the metallic core of the implant body 
(Sykaras et al., 2000, Triplet et al., 2003). 
2.1.6 Methods of surface modifications: 
 
The surface of titanium dental implant can be modified either by additive 
methods (precipitate or deposit materials on implant surfaces) or ablative 
methods (remove materials from the surface) (Cehreli et al., 2004; Puleo, 
2006).  
2.1.6.1. Ablative methods: 
 
These methods are summarised in Table 1.  
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Technique Characteristics Properties References 
Grit or sand 
blasting 
Surface roughness 
increased by blasting 
ceramic particles 
(titanium oxide and 
calcium phosphate). 
 
Micro-roughness 
ranged   (25-
250µm). 
Bioactivity could be 
compromised. 
Le Guéhennec 
et al., 2007; 
Koller et al., 
2007; CHOI et 
al., 2010  
Acid etching 
Implant soaking in acids 
e.g. Hcl, H2SO4M, HNO3. 
Pits dimension 
depends on acid 
concentration, 
immersion time and 
temperature. 
Le Guéhennec 
et al., 007; 
Sykaras et al., 
2000 
Grit blasting 
and acid 
etching 
Blasting with 250-500 mm 
corundum grit followed by 
acid etching. 
 
Surfaces have 
micro and macro-
roughness. 
High removal 
torque. 
Puleo and 
Thomas, 2006; 
Cochran et al., 
1998; Ellingsen 
et al., 2004. 
    
 
                         Table1: Ablative techniques of modifying titanium implant surfaces. 
 
 
2.1.6.2. Additive methods: 
2.1.6.2.1 Plasma spraying:  
This is one of the most common methods that has been used to modify 
implant surfaces. It is usually used for deposition of calcium phosphate 
coatings, such as HA onto implant surfaces to improve their bone-bonding 
ability. The basis of this technique depends on injecting titanium and HA 
powder into a plasma torch at high temperature (Le Guéhennec et al., 2007). 
The thickness of the coating produced by this technique ranged between 
(100-300) µm (Willmann, 1997). Coating thickness relies on the distance 
between the nozzle tip and the implant surface, particle size, speed and time 
of impact and temperature (Sykaras et al., 2000; Triplet et al., 2003). Puleo, 
2006 stated that by coating titanium surfaces with HA, surface roughness is 
increased and surface chemistry shifts from TiO2 to potentially bone bonding 
ceramic like structure. Animal studies revealed that the chemical composition 
of HA has a greater influence on bone response compared to the effect of 
surface roughness (Vercaigne, et al., 1998).  The influence of plasma 
sprayed HA coatings on bone healing has been widely documented. Many 
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studies revealed that the bone-implant contact is higher for HA-coated 
titanium implant compared with uncoated implants (De Groot et al., 1987; 
Denissen et al., 1990).  
However, there are some problems are associated with this technique such 
as a poor metal-coating interface and uneven coating thickness (Rosenberg 
et al., 1991; Verheyen et al., 1993). Furthermore, it has been reported that 
the osseo-integration rate of plasma sprayed HA is very slow and its 
microstructure might change during the coating process (Mardare et al., 
2003). 
 
2.1.6.2.2 Enamelling technique:  
Vitreous enamelling is easy and inexpensive and quite similar to the process 
of glazing ceramic tiles. In addition, it can be used to coat complicated 
shapes and the thickness of the coating can be controlled (Pazo et al., 
1998B). Therefore, this approach has been widely used for coating zirconia, 
alumina and hard ceramic composite substrates (Martorana et al., 2009). 
Furthermore, enamelling improves the mechanical properties of the coating 
by turning the surface layer into a functionally graded layer, providing that the 
glass composition and the firing parameters are designed properly 
(Jitcharoen et al., 1998).  
Practically enamelling involves three steps (Kazanov and Kirsanov, 1997): 
1- The first step involves two processes which occur concomitantly but 
separately. The first process is the conversion of the heterogeneous 
glassy layer into a non-penetrable continuous film. This layer acts as a 
bond with metallic substrate. The second process is that the surface of 
the underlying substrate undergoes physical and chemical transformation. 
Once the metallic surface is sealed off from the room temperature, this 
step is completed. 
2- The second step involves microstructural changes within the glassy layer 
without any contribution from the metallic substrate. 
3- In the third step an effective chemical reaction occurs between the 
surface of metallic substrate and the bond layer of the coating. This step 
takes longer time compared with other steps and is terminated on cooling. 
In principle, plasma spraying and vitreous enamelling are physical methods.  
The main difference between enamelling and plasma spraying is that the 
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underlying substrate remains at low temperature during plasma spraying, 
which limits the possibility of glass decomposition (Davis, 2004). In addition, 
any defect or damage to the enamelled layer cannot be repaired immediately 
and complete re-processing is mandatory (Zhang et al., 2003). As mentioned 
previously attempts have been made to coat metallic substrate with bioactive 
glasses using plasma spraying. The results showed that it is difficult to 
produce glass coating with no defect by plasma spraying, due to the low 
thermal conductivity, low density and relatively high viscosity of glasses with 
respect to molten crystals (Bolelli et al., 2006). However, plasma spraying is 
more suitable to fabricate HA coating than bioactive glasses (Cannillo and 
Sola, 2010).  
Both these techniques are time consuming. Heat treatment causes diffusion 
of undesirable ions (e.g. aluminium) through the coatings, resulting in 
decreasing or loos of glass bioactivity. The thermal expansion mismatching 
between titanium substrate and bioactive glasses may lead to delamination 
of the coating from the underlying substrate. Even re-heating for short time 
during the firing cycle may cause phase separation and crystallization of the 
glasses, which has adverse effects on glass bioactivity (Andersson et al., 
1995). Due to the thermal-treatment, excessive oxidation of metallic 
substrate occurs that might contribute to poor adhesion between the two 
phases (Hautaniemi et al., 1993). Other additive methods have been 
summarised in Table 2. 
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 Table 2: Additive techniques of modifying titanium implant surfaces with calcium 
phosphate. 
 
 
 
 
 
 
 
   
 
 
 
Technique Properties Advantage/disadvantages 
 
References 
Sol-gel method 
Chemically based 
technique. 
 
Can be combined with other 
techniques. 
Easy control chemical 
composition. 
Homogenous coating. 
Potential for cracks 
Ballo et al., 
2010: 
Zhang, 2008 
Biomimetic 
process 
Chemically based 
technique. 
Immersion Ca-P 
coating in SBF at 
37oC and pH 7.4. 
Low temperature. 
Different substrates (metallic 
and non- metallic) 
Weak bonding strength 
porous coating 
 
Kokubo et al., 
1990; Yang et 
al., 2005. 
Electrophoretic 
deposition 
Colloidal particles 
deposited on 
chargeable substrate 
using D.C. 
Composite coatings. 
Weak coatings- substrates 
interface. 
Thick and cracked coatings 
 
Ballo et al., 
2010 
Pulsed laser  
deposition 
(PLD) 
Physically based-
technique. 
Heat transfer from 
coating to substrate 
e.g. CO2 laser beam. 
Preserve stoichiometry. 
Fast deposition rate. 
Lack of uniformity over larger 
area. 
Eason, 2007 
Magnetron 
sputtering 
deposition 
Physically based 
technique. 
 
High deposition rate. 
Produced amorphous 
coatings. 
Time consuming. 
Boyed et al., 
2003; Nelea et 
al., 2003. 
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2.2 Bone tissue: 
 
Bone is a living, growing tissue. It is a specialized form of connective tissue 
and is the main element of the skeletal system. It is composed of 
extracellular substance / bone matrix, cells, vessels and nerves. Bone matrix 
consists of inorganic and organic substances (Linb et al., 1999). Bone, 
therefore can be described as a bioceramic composite (OIzsta et al., 2007).  
2.2.1 Bone cells: 
 
There are three distinct types of bone cells: the matrix producing osteoblast, 
tissue resorbing osteoclasts and the osteocyte, as illustrated in Figure 4. 
Osteocytes are considered as fully differentiated osteoblasts. Recently, 
osteoblasts have been shown to be a more advanced form of fibroblasts 
(Ducy et al., 2000). It has been stated that osteoclasts and their precursors 
have been derived from the monocytic fraction of the bone marrow (Fujikawa 
et al., 1996). Fibroblasts, osteoblasts, osteocytes and adipocytes on the 
other hand, are originated from pluripotent mesenchymal stem cells (Aubin, 
1998). 
  
 
 
 
 
 
 
 
 
Figure 4: Schematic representation of bone cells. Taken from international 
osteoporosis foundation, 2012. 
 
Osteoblast cells are responsible for the formation of collagenous matrix, 
osteoid, in which mineral is later laid down, and regulation of osteoclast cells 
differentiation (Caetano-Lopes et al., 2007). In addition, they have an 
important role in the mineralization process (Curry, 2002), this through 
synthesis of membrane-bound matrix vesicles (Bellows et al., 1991). These 
vesicles have diameter range from 30-300 nm, located in extracellular matrix 
and have a role in mineralization (Anderson, 2003). Recently, it has been 
shown that osteoblast cells express parathyroid hormone receptors 
(Karsenty, 2008).  
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Osteoclasts, on the other hand, they are large multinucleated cells; these 
cells are situated in cavities known as Howship’s lacunai. The main function 
of osteoclasts is bone resorption, demineralising it with acid and dissolving 
collagen with enzymes. Bone lining cells are metabolically inactive cells and 
not embedded within the bone. After cessation of bone formation, these cells 
remain on the surface of the new bone. It has been suggested that the 
function of these cells is controlling ionic diffusion between body fluid and 
bone, since they form a continuous sheet covering bone surfaces including 
blood channels (Miller et al., 1989).  
Osteocytes are the mature type of osteoblasts, unlike bone lining cells. 
These cells are embedded within the bone and situated in lacunae. 
Moreover, they communicate with the rest of the cells by canaluculi (Cowin, 
1999). It has been pointed out that osteocytes have the ability to regulate 
osteoclast and osteoblast functions through mechanosensors action 
(Seeman and Delmas, 2006). In fact, some studies considered osteocytes as 
mechanosensory cells (Cowin, 2007; Huo et al., 2008; Adachi et al., 2009), 
and their communication acts as a pathway through which mechanical 
signals transmit from osteocytes to the cells on the trabecular surfaces 
(Adachi et al., 2009).  
                     
 2.2.2 Bone structure: 
 
Bone consist of two parts compact or cortical bone and spongy or trabecular 
bone. The former one which is dense bone forms the outer layer of the most 
bones and accounts for 80% of bones in the body. Cancellous or spongy 
bone is located inside the cortical bone and constitutes 20% of the bone in 
the body. The surface to volume ratio in cortical bone is very low and the 
bone cells are located in lacuni. Trabecular or spongy bone is composed of 
plates or spicles with a high surface to volume ratio due to its proximity to 
marrow compartment, and the bone cells situated at the surface of the plates. 
For this reason the remodelling process in trabecular bone is faster than that 
of cortical bone. In spongy bone the nutrients pass from the extracellular fluid 
to the trabeculae, whereas in cortical bone the nutrients are supplied by 
Haversian canals which contain blood vessels. Spongy bone contains more 
cavities than cortical bone (50-95% and 5-10%, respectively). Another 
differences between compact bone and spongy bone is that the former has 
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developed to withstand the torosional loading, whereas the function of 
trabecular bone is to withstand compressive loading (Davis, 2003). Collagen 
fibres are arranged in concentric manner around the Haversian canals 
forming cylinder like structures called osteon or the Haversian system 
(Ganong, 1999). The boundary between the osteon and the surrounding 
bone is known as the cement line. These lines separate adjacent lamellae 
and do not bind them together. A second system of canals is called 
Volkman’s canals (run in transverse direction); these canals connect 
Haversian osteons with capillaries and nerves, thus connecting the inner and 
outer surfaces of bone. 
The periosteum is a fibrous membrane which covers the outside of the bone. 
It contains larger amount of capillaries, which are responsible to supply the 
bone with nutrients. Immediately beneath the periosteum, lamellae are found 
and run parallel to the inner and outer surfaces of bones forming a structure 
called the circumferential lamellae. A schematic representation of bone 
structure is shown in Figure 5. 
 
 
 
 
 
 
 
 
 
 
                     
                                                                                                      
                     Figure 5: Bone structure. 
 
Woven bone which is the primary bone tissue or immature bone is also called 
coarse fibered bone. It is formed as a result of rapid growth during fracture 
healing or embryonic development. In addition, this bone is considered as a 
pathological tissue in adults except in a few places, such as areas near the 
suture of flat bones of the skull, tooth socket and the insertion regions of 
some tendons. The arrangement of collagen fibres in woven bone is irregular 
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and random; in addition, it contains small amounts of mineral with a higher 
density of osteocytes than lamellar bone. This type of bone is temporary and 
subsequently converted to lamellar bone. 
  
2.2.3 Bone matrix: 
 
Organic component: 
Bone matrix is composed mainly of collagen fibres (90%). Collagen type I is 
the principal fibre of the bone matrix, other types include collagen III, V, XI, 
and XIII. Collagen type I consists from three chains: two alfa1 and one alfa 2 
(Vuorio et al., 1990). Collagen fibres in bone differ from that in soft 
connective tissue due to the intra and inter-molecular cross-links (Eyre et al., 
1988). 
The remaining part of organic matrix is non- collagenous proteins which form 
10% of bone protein mass. Sialic acid-rich glycoprotein is the first type of 
non-collagenous protein that was identified. Now many different types of non-
collagenous proteins have been found and some of them are specific for 
bone. There are four non-collagenous proteins which are categorized on the 
structural basis: proteoglycans, g-carboxylated, glycoproteins and proteins 
affecting growth. Glycoproteins include many types such as osteonectin, 
fibronectin, tetranectin and sialoprotiens. In addition to these non-
collagenous proteins, there is another type which is surrounded by bone 
during the osteogenesis process, such as bone morphogenetic proteins 
which are belong to TGF- superfamily (Ripamonti et al., 1992). The specific 
roles of bone proteins are still not clear; however, some of these proteins 
have many functions, including governing the bone mineral deposition and 
turnover and regulation of bone cell activity (Clark, 2008).  
Inorganic matrix: 
Bone is considered as the principal storage mineral, it contains 99% of the 
calcium and 88% of the bodies’ phosphate. In general, bone mineral is based 
on hydroxyapatite [Ca10(PO4)6(OH)2]. The shape of the hydroxyapatite 
crystals in inorganic bone matrix is a spindle or platelet like structure about 
200nm in length. This shape offers a wide surface area for ionic exchange. It 
has been shown that bone hydroxyapatite is more soluble and reactive and 
permits faster chemical turnover than synthetic hydroxyapatite. This is 
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because the former is smaller in size and less perfect in structure than the 
latter (Weiner and Traub, 1992). The other constituents of the inorganic bone 
matrix are calcium carbonate, calcium fluoride and magnesium fluoride. 
However, the hydroxyapatite mineral phase is heavily solid substituted and it 
is difficult to identify its basic components without using XRD. 
 
2.2.4 Biomineralization process: 
 
Biomineralization is a cell regulated process in which crystalline substances 
are deposited within and outside the cells. The source of the minerals 
includes those from inside and outside the cells, such as calcium carbonate, 
calcium silicate and calcium phosphate (Boskey, 2003). Organic matrix, a 
combination of proteins and ionic transport to the growing mineral site are the 
major components of the mineralization process (Heurer et al., 1992). In fact, 
there are two types of biomineralization, the first one occurs in woven bone 
and the other one in the lamellar bone. 
 Matrix vesicles play a major role in mineralization process of woven bone. 
These vesicles are (20-200) nm spherical bodies that found in pre-
mineralized matrix of dentine, cartilage and bone (Ellise, 2009). Normally, the 
extracellular fluid is not saturated with the HA component, which means that 
HA cannot be deposited spontaneously. Matrix vesicles supply the 
mineralization site with high ions concentration or crystals (Boyan et al., 
2001). It is claimed that the matrix vesicles contain a nucleation site that 
consists of proteins and a complex of acidic phospholipids, calcium and 
inorganic phosphate that is sufficient for HA precipitation (Clark, 2008).  In 
the mineralization process the matrix vesicles are expelled to the outside of 
the cells and acts as a nucleus for calcification (Bianco et al., 1997). Mineral 
crystallization starts at the level of supersaturation, and as the vesicles are 
disintegrated the minerals are exposed to the matrix, where the process of 
mineralization continues in a self-propagating mode (Sommerfeldt and Rubin, 
2001). Fibronectin, collagen fibrill and glycoproteins, such as osteonectin and 
osteopontin play an essential role in determining the orientation and 
organization of the bone mineral crystals (Christoffersen and Landis, 1991). 
The process of crystal orientation is induced by the crystals themselves and 
is inhibited by certain molecules, such as pyrophosphate or acidic non-
collagenous proteins. 
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The mineralization process of the lamellar bone is different from that of the 
woven bone. This is because there is less space for mineral deposition, as 
the organic components are tightly packed within lamellar bone (Bonucci 
1971; Weiner et al.,1986).The regulation of the mineralization process is 
mediated by non-collagenous proteins since collagen type I has a poor ability 
to nucleate crystal formation. 
In general, mineralization process consists of two phases. The first phase is 
the formation of the crystalline material of mineral inside matrix vesicles. In 
this phase calcium ions are absorbed through the membrane of matrix 
vesicles into the matrix; this may be due to the high capacity of phospholipids 
to bind to calcium and high density proteins in the matrix vesicles (Geng et 
al., 1990; Balmain, 1992; Morris et al., 1992). This inward movement of 
calcium ions, which is mediated by Annexin V, is accompanied by the 
accumulation of phosphate within the vesicles. 
 Alkaline phosphatase plays a role in increasing concentration of phosphate 
inside matrix vesicles. Furthermore, this enzyme removes phosphate –
containing inhibitors of HA crystal growth to control their ability to act as 
nucleates (Clark, 2008). When the concentration of calcium and phosphate is 
sufficient in the bone matrix , CaPO4 mineral starts to precipitate .The first 
form of CaPO4 that is precipitated is amorphous CaPO4 (Gay et al.,1978;Wu 
et al.,1993). It has been stated that amorphous CaPO4 is converted to 
octacalcium phosphate; this crystalline form undergoes transformation to 
more insoluble HA phase (Anderson, 1969; Sauer and Wuthier, 1988). 
Recently, however, it is claimed that there is no clear evidence that bone HA 
is originated from amorphous calcium phosphate form (Weiner et al., 2005).  
In order to initiate phase two, HA crystals must penetrate the matrix vesicle 
membrane and become uncovered to extracellular fluid. This process is 
facilitated by the hydrolytic activity of phospholipases (Wuthier et al., 1978) 
and proteases, which are found in matrix vesicles (Dean et al., 1992; 
Hirscman et al., 1983). Once HA crystals penetrate the matrix membrane and 
are exposed to extracellular fluid, phase two starts. The proliferation rate of 
mineral crystals is affected by many factors, such as the Ca2+ and PO4
3- 
concentrations in the extracellular fluids of the primary mineralization site, pH 
and presence of molecules in these fluids (Howell, 1971). This phase 
continues with the self-forming nucleated crystals at the surface of the matrix 
       
48 
 
vesicles. The newly formed crystals come in contact with collagen fibres of 
the surrounding matrix; these fibres influence the nucleation and orientation 
of the new crystals (Landis and Arsenault, 1989). 
 
2.2.5 Soft tissue around dental implant: 
 
The soft tissues surrounding healthy osseo-integrated dental implant, known 
as a peri-implant tissues, shares anatomic and functional features with tissue 
around natural teeth, periodontium. The microstructure of peri-implant 
mucosa consists of crevicular epithelium supported by connective tissue and 
forming the implant-soft tissue interface. The epithelium barrier extended 
about 2 mm along the implant surface and the implant-connective tissue 
interface about 1-1.5 mm (Berglundh et al., 1991).This structural organization 
is established after surgical insertion and as a result of tissue healing. It is 
agreed that peri-implant sulcus and junctional epithelium (JE) resemble those 
of surrounding natural teeth (Marchetti et al., 2002; Glauser et al., 2005; 
Rossi et al., 2008; Yamaza and Kido, 2011).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: Soft tissues around dental implant and natural tooth. PM: peri-implant 
mucosa, GM: gingival mucosa, aJE: apical termination of junctional epithelium, 
AFJ: abutment-fixture junction, BC: marginal bone crest, CEJ: cementoenamel 
junction.                          
  
The oral epithelium forms hemidesmosomal attachment with each other 
(Gould et al., 1981) and continuous with JE, which attaches to the implant 
surfaces via hemidesmosome and basal lamina (James and Schultz, 1974). 
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This attachment is very important, since it seals off the oral cavity from bone 
and hence affecting the success of dental implants (Abrahamsson et al., 
1999; Gould et al., 1984). Mckinny et al., 1985 describes this area of 
attachment as “a biological seal”, as it separates between the implant surface 
and the newly formed crevicular epithelium of the gingiva. It has also been 
observed that an amorphous layer of greater than 200 nm in thickness 
intervenes between the epithelial cell wall and the implant surface and 
consists of glucosaminoglycans, glycoproteins and laminin (Kawahara, 
1998). Therefore, the implant surface may contribute to the soft tissues- 
implant adhesion in a similar way to that of the natural teeth and the 
neighbouring soft tissues (Stallard, 1985). A number of studies, however, 
revealed that there are some structural differences between JE at natural 
teeth and the epithelium that is attached to the implant surface (Inoue et al., 
1997; Carmicheal et al., 1991; Ikeda et al., 2000; Fujiseki et al., 2003). 
The collagen fibres of the connective tissue around implant surfaces run 
parallel to the long axis of the implant, rather than perpendicular to the 
implant surface (Buser et al., 1989; Chavrier et al., 1994). By contrast, a few 
studies suggest that the connective tissue fibres are oriented perpendicular 
to the roughened and porous implant surfaces (Deporter et al., 1988; Pilliar, 
1991). Circular collagen fibres were also seen in the peri-implant mucosa by 
(Fujii et al., 1998; Schierano et al., 2002; Schupbach and Glauser, 2007). 
However, others disagree with the previous observation and stated that 
collagen fibres could arrange in different directions (Fartash et al., 1990; 
Arvidson et al., 1996; Nevines et al., 2008) with no particular orientation.  
Welander et al., 2007 showed that the mechanical attachment of collagen 
fibres to the implant surface is different from that of periodontal tissues to the 
natural teeth surfaces. This is because the implant surfaces lack cementum, 
hence supra-alveolar fibres insert at the ridge of the peri-implant bone 
(Berglundh et al., 1991; Buser et al., 1992; Rugger et al., 1994). The absence 
of cementum from the implant surface is due to the lack of pre-osteoblast 
cells in the implantation site, rather than the inability of cementum to grow on 
implant surface (Buser et al., 1990; Warrer et al., 1993).  
The distribution of collagen I, III, IV, VII and fibronectin around dental implant 
is similar to that of the natural teeth. Collagen type V, however, was found in 
peri-implant tissues; whereas type VI in the periodontal region (Romanos et 
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al., 1995; Carmichael et al., 1991). A schematic representation of the soft 
tissues around dental implant and natural tooth is shown in Figure 6. 
 
2.2.6 Bone-implant interface: 
 
The ossification process around dental implants involves different cellular 
and extracellular events similar to those occurring during the healing process 
of fractured bones (Fini et al., 2004). The term osseo-integration has been 
used to “define the structural and functional connection between living bone 
and the surface of load bearing implant” (Branemark, 1985).  
After placement of a dental implant in a prepared surgical site, the blood 
covers the bony walls and comes in contact with the implant surfaces (Davis, 
1996; Park and Davis, 2000). Following that, adsorption of proteins from 
blood and other tissue fluids occurs. The process of protein adsorption to the 
surface occurs for all implant materials. However, the type and surface 
feature of the material have a great impact on the structure and conformation 
of the protein layer (Dee et al., 2002). Then within one week of blood clot 
formation, the clot is replaced with highly vascularized granulation tissue 
(Ferretti et al., 2002; Berglundh et al., 2003).  
 
 
 
 
  
 
 
 
 
 
 
 
Figure 7: Illustration of bone-implant interaction.C: Osteoclast cell, OB: Osteoblast 
cell. Modified from Puleo and Nanci, 1999. 
 
 
Davies, 1996 claimed that poorly differentiated mesenchymal cells migrate to 
inhabit the implant surface and start to lay down new bone in the early events 
after implantation. Other studies stated that the migration, differentiation and 
osteoblast activity during healing period could be facilitated  by the interaction 
between red blood cells, fibrin and platelets with the implant surfaces (Park 
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and Davies, 2000; Davies, 2003). Meyer et al., 2004 showed that osteoblast 
cells adhere to the implant surface from the first day of implantation. This 
might be ascribed to the fibrin retention phenomenon of titanium implant 
materials on their surfaces (Ramazanoglu and Oshida, 2011). Consequently, 
as a primary host response, the attached osteoblasts to the implant surface 
start to deposit a non-collagenous matrix layer at the implant surface (Nanci 
et al.,1994; Murai et al.,1996; Davies,1996; Meyer, 2004), this layer 
resembles the cement line and laminae limitans (Davis,1996). 
A second layer of collagen matrix is formed by osteoblasts and laid down on 
the cement line/lamina limitans layer, which is deposited firstly at the implant 
surface (Puleo and Nancie, 1999). An experimental study showed that non-
collagenous proteins, such as osteonectin and fibronectin receptor could be 
produced on the implant surface by osteoblasts, which are in close 
apposition to the implant surface (Meyer, 2004). Following new deposition of 
calcified matrix, woven bone and bone trabeculae are laid down in different 
directions and expanded into marrow spaces (Franchi et al., 2004). The 
formation of woven bone and arrangement of trabecular bone occur to repair 
the damage bone at the peri-implant site (Marco et al., 2005). Then, woven 
bone undergoes remodelling and is replaced by lamellar bone which is highly 
mineralized tissues (Chappard et al., 1999).  Figure 7 illustrates the events at 
the bone-implant interface.  
 
2.3 Biological role of additional elements 
2.3.1 Biological role of magnesium: 
 
Magnesium (Mg) is one of the main trace metallic elements existing in human 
body. This element is mainly stored in calcified bone (65%), 32% binds to 
nucleic acid and protein, the remainder found in the plasma (Cowan, 1995). 
Magnesium has an essential role in certain biological activities, such as 
modulation of transport functions, signal transduction, enzymatic activity, 
energy metabolism and nucleic and protein synthesis (Saris et al., 2000; Wolf 
et al., 2003). Furthermore, this element can regulate calcium transport and 
stimulate phagocytosis (Watts et al., 2010). Magnesium has a stimulatory 
effect on bone formation (Zreiqat et al., 2002). It promotes osteoblast cells 
adhesion and stability through interaction with integrins (Yamasaki et al., 
2002). In addition to that, this element has influence on osteoblast 
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proliferation (Liu et al., 1988) and differentiation (Varanasi et al., 2009). 
Regulation of bone growth also can be affected by this element due to its 
action on insulin secretion (Pietak et al., 2007; Liu et al., 1988). 
Mineralization processes of bone and teeth can be affected by Mg 
concentration (Spencer et al., 1989; Wu et al., 2009). This element has an 
indirect effect on mineral metabolism and direct influence on crystallization 
processes (crystal size) of mineral substances (Serre et al., 1998). In addition 
to that, it modifies the activity of ALP, which participates in the formation of 
biological apatite (Waszkiel et al., 2004). Many studies indicated that 
magnesium prevents phase transformation of amorphous calcium into a 
crystalline form, and inhibits precipitation and growth of apatite crystals (Kittel 
and Rewerski, 1988; Krzewicki, 1989; Aoba, 1996; Kanzaki et al., 2000). 
However, magnesium ions are not directly incorporated into HA structure, 
instead, they are accumulated on the hydrated shell around HA crystal, 
forming a surface-bound ionic complex (Posner, 1969). 
 
2.3.2 Biological role of fluoride: 
 
Fluoride (F-) is an important micronutrient that presents in the mineralized 
tissues such as teeth and bone (Palmer and Wolf, 2005; Farely et al., 1983). 
The effective serum fluoride level i.e. basal level at 5-10 µM and the peak 
level at 30 µM (Baylink, 1993). Fluoride is incorporated into the mineral 
component of bone during bone formation (Grynpas et al., 2000). Therefore, 
it has an influence on bone mineral homeostasis and bone remodelling 
(Mousney et al., 2008). Studies showed that there is a direct physical and 
chemical interaction between fluoride and bone mineral matrix (Grynpas and 
Rey, 1992; Pak et al., 1995 and Chachra et al., 1999). This element delays 
the onset of mineralization process and the mineral produced has a lower 
dissolution rate (Grynpas and Ray, 1992; Mousny el at., 2008). This effect on 
bone mineralization is dose-dependent; it promotes mineralization at low 
doses; whereas at high concentrations abnormal bone mineralization occurs 
(Jin et al., 2006). The microenvironment of bone marrow is more susceptible 
to fluoride action. Bone marrow is the source of osteoproginator cells as well 
as osteoclasts precursors. Therefore, osteoblasts and osteoclasts can be 
affected by fluoride in vivo and in vitro (Everett, 2011). Studies showed that 
fluoride has a mitogenic effect on osteoblast cells (Farely et al.,1990).This is 
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evidenced from the positive effect of fluoride concentration on osteoblast 
differentiation markers (alkaline phosphatases and osteocalcin)(Wang et al., 
2007).  
The effect of fluoride on osteoclasts is not fully understood compared to its 
effect on osteoblasts (Chachra et al., 1999). Research stated that fluoride 
inhibits osteoclasts development from bone marrow hematopoietic precursor 
cells (Kawase et al., 1996; Oguro et al., 2003).  Sakae et al., 2000 reported 
that fluoride supresses osteoclast maturation. Recently, it has been shown 
that the effect of fluoride on osteoclastyogenesis is influenced by genetic 
background (Yan et al., 2007).   
The effect of fluoride on bone can be described as a biphasic fashion (Pak et 
al., 1995; Kleerekoper, 1996). At low level, it has the capability to promote 
growth, development and maintenance of the skeleton (Yan et al., 2011). 
Moreover, fluoride at low concentration such as that occurs following 
modification of dental implant surfaces, results in stimulation of osteoblasts 
differentiation, interfacial bone deposition and increased expression of gene 
markers at the implant site (Cooper et al., 2006; Monjo et al., 2008). 
However, it has been shown that the effect of fluoride on bone formation was 
decreased at high circulatory level (Inoue et al., 2005). Besides, current 
exposure to high systemic fluoride causes the development of skeletal 
fluorosis; which is characterised by osteosclerosis, ligament calcification and 
is often associated with osteoporosis, osteomalacia or osteopenia (Wang et 
al., 2007).  
Animal studies have indicated that incorporation of fluoride into titanium 
surfaces significantly accelerates bone formation (Ellingsen et al., 2004; 
Berglundh et al., 2007; Monjo et al., 2008). Furthermore, it has been noted 
that fluoride-modified titanium implants have greater osteo-integration 
properties (Monjo et al., 2008). This is attributed to the effect of fluoride, as it 
increases the thrombogenic properties of titanium implants, which results in a 
less dense fibrin clot that could facilitate osteoblasts migration to the implant 
surface (Thor et al., 2007).  
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2.4 Glass and glass structure  
2.4.1 History of Glass:  
  
Glass is one of the most ancient materials known to mankind and has been 
used in various applications in both the industrial and artistic development of 
man (Stanton, 2000).  
 
2.4.2 Definition of glass: 
 
Glasses have been defined in many different ways by scientists. The 
definition of glass has changed as a research advances and expands the 
boundaries of glass science. Tammann, 1933 described glass as a vitreous 
state and behaves as an undercooled liquid. This definition is based on 
assumption that the glass has no first order phase transition. In fact, there is 
a second order phase transition, as there is a transformation from a liquid 
state to a glass form with no discontinuity in the density and heat capacity. In 
addition, all glasses are amorphous, but amorphous solids are not essentially 
glasses. 
According to McMillan, 1979 a glass is a transparent or translucent material 
that has features of rigidity, brittleness and hardness. This definition, 
however, does not explain the glass from technical and scientific point of 
view. Pfaender et al., 1983 stated that glass is similar to a liquid from 
structural standpoint, yet and since they have high viscosity at ambient 
temperature, they are classified as solid materials. This definition considers 
the glasses that have been produced by the melt-quenching technique and 
ignored other methods of glass-making (e.g. sol-gel technique). Glasses are 
also defined as amorphous solids lacking long-range order and displaying a 
range of glass transformation temperatures (Doremus, 1973). This definition 
refers to two glass properties: the lack of the long range periodic 
arrangement of atoms and the exhibition of time-dependent glass transition 
behaviour (Shelby, 2005). Indeed, the term glass can be applied for all non-
crystalline materials that exhibit a glass transition temperature regardless of 
their preparation techniques.  
The similarity between glass and liquid is attributed to the random distribution 
of glass atoms (Paul, 1982), which is different from the regular arrangement 
of atoms in the crystalline form. Additionally, there is neither crystal lattice nor 
lattice point in the glass structure. Therefore, a glass state exhibits a halo in 
X-ray diffraction patterns, instead of diffraction peaks. This feature is similar 
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to that of a liquid phase and explains why glasses have short range order 
and are lacking long range order. Besides, glasses do not exhibit a well-
defined melting point and cleave in preferred directions. Glasses and 
crystalline states show elasticity, however, glasses share the feature of flow 
under stress with liquids. Thereby, the glassy state combines the short-range 
rigidity feature of the crystalline form with a little of the long-term fluidity of the 
liquid state (Paul, 1982).  
The glass formation includes different bond types: covalent, ionic, metallic, 
van der Waals and hydrogen bonding and through various techniques: liquid 
cooling, vapour condensation, pressure quenching, solution hydrolysis, 
anodization, sol-gel, and the bombardment of crystals by high energy 
particles (O’Flynn, 2009).   
Glass structure lacks the long-range periodicity and retains the structural 
order at short and intermediate length scales (Chrissanthopoulos et al., 
2008). There is general agreement that the short range order is similar to that 
in the crystal structure and  is less than 5Å, the intermediate order range 
between (5-15 Å) and the long range order is more than 15 Å (Linati et al., 
2008). Pure silica glasses, for example, exist as a covalently bonded silica 
tetrahedra (Stookey, 1959). 
Each oxygen atom binds to two silicon atoms and each silicon is shared 
between four oxygen atoms. The silicon atom exists at the centre of a 
tetrahedron, surrounded by oxygen, where the bond angles between two 
oxygen atoms are 109o, the length of the Si-O bond is 1.62 Å, and the edge 
of each side of the tetrahedron is 2.62 Å. Each Si-O bond is fixed at an angle 
of 109o for both crystalline and vitreous silica. However, the crucial difference 
is that for crystalline silica, the angle between the Si-O-Si bonds is fixed; 
whereas it is variable for glass silica (Maloney, 1967). The variability of the 
intertetrahedral Si-O-Si angle ranged from 120o to 180o, with the most likely 
value of 144o in amorphous silica (Hemley et al., 1986). Therefore, the 
oxygen atoms in a glass are joining different tetrahedra in a more flexible 
way. This gives the structure the flexibility to rotate and form the amorphous 
structure of a glass, since it is not constrained to form the periodic order of a 
crystal. The inability of the glass to have the long range periodic order 
characteristic of crystalline solid has been confirmed by Electron and X-ray 
diffraction studies (Paul, 1982). Glasses could be described as homogenous 
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substances, thermodynamically unstable, but kinetically stable due to the 
high activation energy required for molecular rearrangement (Elgayar, 2004). 
  
2.4.3 Glass formation: 
 
An important correlation between glass, liquid and crystalline phases can be 
elucidated in volume-temperature diagram, as shown in Figure 8. The 
conventional method of glass making is by cooling the molten liquid rapidly, 
so that there is no enough time for atoms to rearrange themselves into a 
crystalline form. The viscosity of the liquid continues to increase as the 
temperature decreases; this is accompanied by a progressive freezing of the 
liquid to its final solidification state. When the molten liquid is cooled at a slow 
rate and in the presence of impurities, there is a sudden and discontinuous 
change in the volume of the liquid after melting temperature(Tm). 
Consequently, crystals formation occurs.  
In contrast, when the molten liquid is cooled at a fast rate, it will transform 
gradually into a supercooled liquid. This transformation is accompanied by a 
progressive change in the liquid volume. As the temperature decreases the 
viscosity increases until a glass is formed. The transformation from liquid 
state to solid form takes place over a wide range of temperatures; there is no 
well-defined freezing temperature compared to an obvious melting 
temperature of crystals (Holloway, 1973).This temperature range is called 
glass transition temperature (Tg); where the thermal energy kT becomes 
insignificant compared with the potential energies between molecules (Allen 
and Thomas, 1999). For instance, pure SiO2 glasses are viscous liquids 
above Tg (Tg of pure SiO2 is 1430 K) (Allen and Thomas, 1999), as the 
temperature decreases below Tg, the viscosity increases until it becomes the 
vitreous solid or supercooled liquid.  
In fact, the glass transition temperature (Tg) depends on the bonding strength 
between the atoms and the interchain connections. Gibbs and Di Mazrio 
have studied the effect of cross link density on the glass transition 
temperature; they postulated that the Tg of a long chain polymer, with chain 
stiffness yielded by cross-linking, is correlated with cross link density by the 
following equation: 
                                                Tg/To=1/(1-Kx)              (1)   
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 Where To is the glass transition temperature of the non-cross linked linear 
polymer, X is the cross-linked density and K is a constant (Ray, 1978). Due 
to the similarity in the structure of polymers and silicate glasses, this model 
can be applied to silicate glasses, as their structure is envisaged as a long 
chain polymer (Micoulaut and Naumis, 1999). 
The glass transition temperature can be predicted from the molar 
composition of bioactive glasses having up to seven components (O’Donnell, 
2011). However, O’Donnell’s model does not consider the glass structure in 
determining the Tg. In addition, this model cannot be applied accurately to the 
multi-component glass system or even to Bioglass® system beyond 
compositional limitation (Brauer and Hill, 2011). 
 
  
 
 
 
 
 
  
 
 
 
 
 
Figure 8: Temperature - enthalpy (or volume) correlation of a glass forming melt. 
Taken from Shelby 1997. Ƞ: viscosity 
 
2.4.4 Structural theories of glass: 
 
The glass forming ability is the ability of the substance to vitrify on cooling 
from the molten state. This phenomenon was the object of theoretical and 
empirical investigations for several decades. A number of structural 
(microscopic) and kinetic (phenomenological) theories have been suggested 
to comprehend the glass forming tendency of the oxides. The structural 
criteria are based on the geometrical atomic arrangement, bondings and 
atomic size to predict glass formation. The kinetic theories consider the rate 
of cooling with regard to the kinetics of crystallization. 
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2.4.4.1 Goldschmidt’s theory:  
 
Goldschmidt was the first to develop empirical rules of glass formation 
(Vogel, 1985). In 1926, Goldschmidt proposed a criterion which depends on 
the ratio of cation radius (rc) to anion radius (ra) (oxygen). This ratio should 
be between 0.2 and 0.4 for the oxides to produce a glass. This means that 
oxides should have the ability to form a tetrahedral structure as a condition to 
form glasses; since this ratio is related to the coordination number of the 
central cation (Zarzycki, 1991). SiO2 is an example of this rule where the rSi: 
rO =0.39Å: 1.4Å ≈0.28.  
Although all glass formers fulfill Goldschmidt rule, some systems satisfy it but 
are not able to form a glass by their own e.g BeO and the halides group 
(Avramove et al., 2003). In addition, this model does not take in consideration 
the types of bonding in the glass and assume that all atoms are connected by 
ionic bonding (Watts, 2010).  
 
2.4.4.2 Zachariasen’s rules:  
 
In 1932 Zachariasen postulated a theory to explain the network structure of 
the glass. Zachariasen’s theory correlates glass structure and the glass 
properties. The random network theory proposed that the interatomic 
interaction in an amorphous structure is similar to that of crystal form. This 
relationship has been proved by X-ray diffraction and has become the basis 
for understanding glass structure. Zachariasen derived his theory partly from 
Goldschmdit criterion and he assumed that the internal energy of the glass is 
similar to that of its crystalline counterparts.  
It has been found that the basic structure of the glass and the crystal is the 
same which is the polyhedral network. However, the formation of a random 
continuous network structure of a glass is attributed to the differences in the 
bonding angles between the adjacent tetrahedral, and the bond lengths 
within the polyhedra. This theory suggests that a glass is composed of a 
random three dimensional network, in which the tetrahedra are arranged in 
an irregular manner. This feature distinguishes a glass from a crystalline 
structure. However, some mechanical properties such as hardness, elasticity 
and surface energy are still the same. The difference in structure between 
amorphous and crystalline states can be illustrated in Figure 9. 
Tg 
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According to the Zachriasen’s model, the oxide has the ability to form a 
continuous 3- dimensional network that has short range order and lacks long-
range order. In order to achieve such a criterion, Zachariasen postulated the 
following rules as a pre-requisite for glass formation: 
a. The anion atom (oxygen) should be bonded to two cation atoms and no 
more.   
b. The cation must have small coordination number; otherwise the tendency 
towards crystallization will be high. 
c. The oxygen polyhedral should share corners, not faces or edges. 
d. The polyhedron should share at least three corners with adjacent 
polyhedral. 
 
Figure 9: Illustrations of the molecular differences between: A- crystalline and B- 
glass structure. Taken from Zarzycki, 1991. 
 
Additional rules have been proposed by Zachariazen for the formation of a 
low 3- dimensional network. These rules are specifically applied for the 
oxides of multi-component glass system (Rao, 2002). 
An oxide or compound has a tendency to form a glass if it has the ability to 
form polyhedral of small building unites. 
e. Only one corner of the polyhedra should be shared. 
f. Ions such as O2- , F- , S2- should link no more than two central cation of 
polyhedral. Therefore in a binary glass system, anions form bridges 
between two neighbouring tetrahedral.   
A B 
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g. Each polyhedral should have no more than 6 corners, 4 corners is more 
preferable. 
h. Three corners at least of each polyhedron must link with adjacent 
polyhedral. 
  
It has been shown that the addition of oxides of the large ionic size cations, 
such as Ca2+ and Na+ to the glass network breaks the bridging oxygen bonds 
and forms non- bridging oxygens. Oxygens that are associated with large 
cations occupy the free end of broken bonds, while cations fill the interstitial 
spaces which are formed due to severance of network. 
Zachariazen categorized cations into network formers, network modifier and 
intermediate oxides according to their effect on glass formation and glass 
network.  
1- Network formers: the oxides of this group have the capacity to form glass 
by forming 3-dimensional random network structure. These oxides are 
considered as the backbone of glass structure. In these glasses, such as 
pure silica, the basic unite is a tetrahedron with four bridging oxygens (BO) at 
the corners and the silicon atoms occupy the centrel of the tetrahedron. In 
general, the strength of oxygen-cations bond of network former is more than 
80 k cal/mol (Kumar, 2010). These oxides usually have small coordination 
number (about 3 or 4). Other cations that can behave as a network former 
are P, B and Ge.  
2- Network modifier: These cations cannot form a continuous 3- 
dimensional network. Incorporation of such cations causes disruption of the 
glass network and the formation of non-bridging oxygen, which weaken the 
network structure. The bond strength of the network modifier ranged between 
10 and 40 k cal/mol (Kumar, 2010). However, the bond strength between 
alkaline earth ions and oxygen is stronger than that of alkali metals and 
oxygen. Furthermore, adding one alkali ion (e.g Na+) creates one non-
bridging oxygen; whereas alkali oxide creates two non-bridging oxygens. 
Elements such as Na, K, and Ca with a coordination number of 6 or more 
could be categorized as a network modifier.  
3- Intermediate oxides: These oxides cannot form a continuous 3- 
dimensional network on their own. They are either increasing or modifying 
the glass network structure. Generally, they have a coordination number of 6 
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to 8. Again these oxides have bond strength in the range between 10-40 k 
cal/mol (Kumar, 2010). Al, Zn, Ti and Pb are elements that could behave as 
intermediate oxides. 
Many glass properties can be explained or predicted by the random network 
theory. Increasing the number of network modifiers causes breakdown of 
bridging oxygen and subsequently increases the mobility of the basic units. 
As a result a decrease in the melting temperature and viscosity occur (Vogel, 
1985). Figure 10 illustrates the structure of 2-dimensional glass network. 
 
 
 
 
 
 
 
 
 
 
 
 
 
         Figure 10: 2-dimensional network of glass structure. Taken from Kingery, 1976. 
 
However, this theory postulated that the modifier cations are distributed 
randomly in the glass network and cannot predict all glass systems. In 
addition, this theory does not explain the discontuities in glass properties as a 
function of composition. These discontinuities indicate that changes may 
affect short range order of the glass system (vogel, 1985). As an example, 
according to Zachariazen’s hypothesis the effect of modifier cations should 
be proportional to its concentration in a homogenous random network. 
However, it has been found that the effect of modifier cations increases 
gradually then levels off. This effect could be seen in many properties, such 
as activation energy of viscous-flow ionic diffusion. Such observations give 
an indication of a two phase system. 
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2.4.5 Other glass formation theories: 
 
Dietzel (Vogel, 1985) classified glass oxides according to the relationship 
between the size and polarizability of the constituent ions to their particular 
charges. He introduced the concept of field strength (F) which is given by: 
                                                      F =Zc/a
2                       (2) 
Where Zc is the valence of the cations and (a) is the respective radii of the 
cation and anion. Dietzel stated that the network former have F values in the 
range 1.5-2.0, intermediate oxides have F values in the range 0.5-1.0 and 
network modifiers have F values ranged between 0.1 and 0.4.  
Dietzel suggested that the difference in field strength (ΔF) should exceed 0.3 
to increase the tendency for glass formation. During cooling the molten 
binary glass system, two cations compete for the most stable oxygen 
environment. If the cations have the equal field strength, occurrence of two 
separate phases is more likely. In contrast, if the field strength of one of the 
cations is considerably higher than the other, the cation with greater field 
strength will join the anion to form the most densely packing structure of that 
cation. The weaker cation will stay in the unstable condition where it is 
obliged to adopt a higher coordination state. In this situation the compound 
formation is promoted and crystallization or glass formation takes place 
(Vogel, 1985; Henry, 2001; Stanton, 2000).  
Recently, a number of models have been postulated to explain the structure 
of more sophisticated glass system. The advent of X-ray synchrotron sources 
combined with neutron diffraction makes the direct measurement of bond 
length between atoms and coordination numbers more feasible (Kohara and 
Suzuya, 2003). Gaskell et al., 2001 was the first research group to provide 
evidence of the medium range order using neutron diffraction. Previously, 
calcium was thought to act as network modifier and disrupt the glass 
network. The findings of Gaskell et al showed that calcium exhibits an 
intermediate range order. Gaskell et al synthesised glasses  with different Ca 
concentration, the examination of the Ca-Ca bond length using neutron 
diffraction showed two prominent peaks corresponding to the first and 
second neighbor Ca-Ca bonding, with order continuing out to nearly 1nm 
(Gaskell et al.,1991). This finding suggested the existence of the long range 
randomness with short and medium range order (Gaskell et al., 1991). 
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Besides, the first diffraction peak of the amorphous materials that was seen 
is comparable to the associated crystal phase, and could relate to 
quasilattice planes corresponding to Bragg planes in the material (Gaskell et 
al., 1996, Gaskell, 2001). 
 
Inorganic polymer theory: 
In this theory silicate glass and other inorganic glasses are assumed to be 
similar to polymers structures (Holliday, 1970). For instance, both silicate 
glasses and organic polymers exhibit glass transition temperature and melt 
viscosity (Stanton, 2000). Polymers are large sized molecules consist of 
atoms other than carbon and cross-linked by covalent bonds. According to 
this concept silicate glasses can be considered as an inorganic polymer 
cross linked by silicon atoms (Ray, 1978). Taking the concept of cross link 
density (CD) or network connectivity (NC), which is derived from polymer 
science and applied to predict the behaviour of organic polymers; glass 
properties such as thermal expansion coefficient, degradability and surface 
reactivity can be explained accordingly (Hill, 1996). For example, the lower 
the network connectivity is the higher the glass degradability and reactivity 
and the higher thermal expansion coefficient. 
The network connectivity can be defined as the average number of bridging 
oxygen per silicon tetrahedron in the glass network. In fact, the inorganic 
polymer theory is similar to Stevel’s principle (Strnad, 1992), where the mean 
number of BO and the NBO in each polyhedron in the glass network was 
measured. The network connectivity can be calculated from the molar 
composition of the glass. The calculation of the network connectivity is based 
on the number of oxide forming species, which form bridging oxygen and the 
network modifiers, the elements that form non-bridging oxygen (Ray, 1978). 
The calculation of the NC was extended to obtain the CD, which is the 
average number of additional cross-linking bonds more than two, for the 
elements other than oxygen forming the glass network (Stanton, 2000). 
  
         
(                                                           )
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Therefore, a glass with a NC= 2.0 is equivalent to a CD=0 and has a linear 
structure identical to that of inorganic polymer. While glasses with NC=4.0 
have a CD=2.0 and such glasses have a high melting temperature and are 
less soluble. Consistently, pure silica has network connectivity of four and 
according to the inorganic polymer theory; it has a fully cross-linked structure. 
 Disruption of network connectivity occurs in case of addition of alkali metal 
and alkaline earth compounds such as Na2O and CaO. This disruption of the 
network causes a decrease in the magnitude of the NC. Therefore, glass 
melting temperature and glass transition temperature decrease due to the 
disruption of the network connectivity. Metasilicate glasses (CaO-SiO2) have 
a network connectivity of 2.0 and are proposed to have a structure similar to 
a linear polymer. On the other hand, invert glasses which have network 
connectivity below 2.0 are more susceptible to amorphous phase separation 
and degradation (Hill, 1996). Properties of glasses of network connectivity of 
2.0 are more sensitive to compositional changes e.g.  an increase in SiO2 
content increases the network connectivity and subsequently decreases 
glass degradability.  
In order to calculate the NC, the Inorganic polymer theory proposed certain 
assumptions. These assumptions are derived from Fourier transform infrared 
(FTIR), Raman and nuclear magnetic resonance (NMR) spectroscopies 
(Galliano et al., 1995; Hill, 1996). 
 Silicon presents as Si4+ ion and is linked to four oxygen atoms in a 
tetrahedral configuration. 
 Phosphorus exists as P5+ ion in the glass network and found as PO4
3- 
tetrahedra with a double bond between one of the oxygen and the 
phosphorus. 
  Boron exists as BO3 or BO4
-, aluminium, on the other hand, exists as AlO4
- 
tetrahedra. 
 In case of BO4
- and AlO4
-, the charge is balanced by PO4
+ 
tetrahedral (without the phosphorus-oxygen double bond). In the absence of 
phosphorus the charge is balanced by either alkali or alkaline earth cations. 
The structural theories attempted to explain the glass forming ability from 
different views. However, the nature of the atomic bonding is omitted, which 
is important to determine the structure of the glasses.  Zachariazen’s rules 
       
65 
 
have been used for decades to explain the glass structure; however, it does 
not mention the type of the bonds in the SiO2 whether ionic or covalent. 
Goldschmidit and Zachariazen explained the glass structure on the bases of 
radius ratios. Nevertheless, the continuous random network model required 
the presence of directional covalent bond as a condition for glass formation.  
Smekels (1951) postulated that the mixed covalent ionic bonding is a pre-
requisite for glass formation. In order to eliminate the long range disorder, the 
bond angle and bond length should be within a very narrow range, which is 
highly unlikely in completely covalent compounds. Both purely ionic and 
covalently bonding induces crystallization due to long range potentials 
(Elgyar, 2004). 
2.5 Bioactive material:  
Bioactive materials are group of inorganic compounds that have the ability to 
establish a bond with living tissue of the human body. (Hench et al., 1972) 
defined bioactive material as “the material that elicits a specific biological 
response at the interface of the material, which results in the formation of a 
bond between the living tissue and the material”.  This definition was applied 
firstly to describe the behaviour of bioactive glass, which forms chemical 
bonds with living bone (Hench and Paschall, 1973). Moreover, it is defined as 
those materials which are capable of forming a mechanically strong bonded 
interface with living tissue (Hench, 1991; Kokubo, 1990). In other words, the 
material should form a layer of apatite in simulated body fluid to bond to living 
tissues. Therefore, Kokubo and Takadema, 2006; Kokubo, 1991 stated that 
the bioactive material is the material that have the capability to form an 
apatite layer on its surface during immersion in a serum-like solution. 
Other studies stated that a bioactive material is midway between bioinert and 
biodegradable materials (Hench and Ethridge, 1982; Hench, 1988; Gross et 
al., 1988). It has been shown that bioactive glass creates an environment 
compatible with bone formation (CaO and Hench, 1996). For this reason 
these materials are employed to improve the properties of medical implants, 
which are used to replace tooth and bone. Such materials include certain 
compositions of glass, glass-ceramics and ceramics.  
The most distinguishable feature of bioactive materials is that they form a 
surface layer of calcium phosphate, which is known as hydroxyapatite (HA), 
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after implantation in bone (Amanollah et al., 2002). The chemistry and 
structure of this layer is similar to the mineralised component of bone (Aza et 
al., 2007). The surface apatite forms a bridge between living bone and 
implants materials, thus promoting the integration of bioactive materials. The 
formation of this layer is accompanied by adsorption and incorporation of 
biological molecules, which enhance the attachment of surrounding cells. 
Furthermore, it has been indicated that the surfaces of bioactive material 
enhance the bone-forming ability of preosteoblast cells (Ducheyne and Qiu, 
1999). Hench and Wilson, 1984 stated that the interfacial bond is stronger 
than the implant and the living tissue; and the mineralisation of the interfacial 
area is proportional with time and load application. 
Bioactive material can be categorized into class A and class B. Class A has 
the following criteria: 
1- Bioactive material can be bonded to both bone and soft tissue. 
2- It is an osteoproductive material; osteoproduction refers to the 
colonisation and proliferation of osteogenic stem cells on the bioactive 
surface distant from surgical site (Wilson and Low, 1992). The 
osteoinductive property is related to the rapid surface reaction of 
bioactive glasses, which induces ionic released that stimulates extra and 
intra-cellular responses at the glass-biological solution interface (Hench, 
2006). 
3- The material is osteoconductive, the surface of implanted material acts as 
a bridge for bone formation and migration of bone cells (Hench, 1991; 
Wilson and Low, 1992). The material degrades and replaces by new 
bone. As an example of class A bioactive material is bioactive glasses. 
    Class B has the following feature of bioactivity: 
1- The material has the ability to bond with bone only. 
2- It does not have an osteoproductive property.  
3- It is osteoconductive only. This is due to slower surface reactions and low 
ionic dissolution rate, which induces extracellular response only at the 
glass interface (Hench, 2006). Therefore, this bioactive material has 
osteoconductive property only. 
4- The resorption rate of the material is very slow when it contacts with 
newly formed bone. Synthetic HA is an example of class B bioactive 
material. 
       
67 
 
 
2.5.1 Biocompatibility:  
 
A biocompatible material can be defined as the ability of the material to 
function in a specific application in the presence of an appropriate host 
response (Williams, 1987). Any material when implanted in living tissues 
induces a specific biological reaction at the host tissue-implant interface. 
According to this reaction a biomaterial can be categorized into the following: 
 Biologically inert: this material is inactive upon implantation in viable 
tissue. The body response to such a material is the formation of a non-
adherent fibrous layer of variable thickness. This fibrous layer (capsule) 
separates the implant from the surrounding tissues (Serrano et al., 2007). 
Factors such as the condition of the implant, the nature of the host tissues, 
the movement at the implant-bone interface and the mechanical load could 
determine the thickness of fibrous layer (Cao and Hench, 1996). The perfect 
bone–implant interface can be achieved either by threading or pressing the 
implant at the surgical site, for this reason this type of interaction is described 
as being of mechanical nature. However, this type of interaction is called 
morphological fixation since there is no chemical bond between bone and the 
bioactive material. Failure of bio-inactive implants is attributed to the fibrous 
layer, because under external load there is an increase in interfacial 
movement, which causes further loosening and deterioration in the 
mechanical attachment of the implant (Hench, 1998). Titanium alloy and 
chromium cobalt alloy are examples of this group. 
 Porous biomaterial: this type achieves a biological fixation through the 
ingrowth of the living bone into micropores on the implant surface or 
throughout the implant. These pores should be of 100-150 μm in diameter to 
provide blood supply to the growing tissues (Hulbret et al., 1987). From the 
mechanical point of view, this type of bone-implant interface could withstand 
more external load compared to a bioinert material. However, porous 
biomaterials are generally used as a scaffold or tissue spacer, as the 
presence of such pores decreases the material strength. 
 Biodegradable material: this material is dissolved completely upon 
exposure to biological fluid and gradually substituted with natural host tissues 
(Bouler et al., 2000; Knowles, 2003), such as Tricalcium phosphate. This is 
an ideal process as it depends on the ability of the natural tissue to heal and 
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repair itself. However, this process is complicated since the rate of material 
dissolution should adjust that of natural tissue growth (Groot, 1983). In 
addition, the strength of the interface undergoes a progressive reduction due 
to the replacement with natural tissue, thus requiring immobilisation of the 
treated part for longer period. Furthermore, since most of the implanted 
material must be treated by cells, the by-product of degradable materials 
should be accepted metabolically. 
 Bioactive material (surface-active material): the material forms a 
mechanically strong chemical bond with host tissues upon implantation; due 
to a series of physiochemical reactions that occur at the bone-implant 
interface (Hench and Ethridge, 1982; Hench, 1988). Thereby, this type of 
interaction is called bioactive fixation. The surface active layer acts as a 
passivated layer that prevents progressive degradation to spread further into 
the bulk of the material. Therefore, it provides a stable interface maintained 
for long periods to assist interaction of cells and enhance growth of mature 
tissues. 
 
2.5.2 Bioactive glasses: 
 
The concept of bioactive glasses was invented by Professor Larry Hench and 
his co-workers in the early 1970s. Bioactive glasses are inorganic materials 
that have the ability to form a chemical bond with living tissues (hard and / or 
soft tissues); this through the formation of HA layer at the glass-tissue 
interfaces (Xiang and Du, 2011). These glasses are categorised as third-
generation bioactive materials, due to their ability to induce tissue 
regeneration through gene activation and ionic dissolution in physiological 
fluids; compared with the first and second generations biomaterials (Hench 
and Polak, 2002). The glass-bone interface is strong enough and implant 
removal necessitates breaking the bone or the implant, rather than the 
interface (Rawlings, 1993). Therefore, there is no need for mechanical 
fixation and porous surfaces.  
The first bioactive glass was named Bioglass® with a composition 24.5% 
Na2O, 24.5% CaO, 6% P2O5 and 45% SiO2 given in weight percentages 
(Hench, 1973). The bioactive glasses are different from conventional soda-
lime-silica glasses in the following features: SiO2 content is less than 60 
mol%, High concentration of Na2O and CaO and CaO/P2O5 ratios (Hench et 
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al., 1972). These features make its surface is highly reactive when exposed 
to biological fluids (Hench, 1991). This is evidenced from the high bioactivity 
of Bioglass® compared to HA (Hench, et al., 1988).  
There are many advantages of bioactive glass; one of these advantages is 
the rapid rate of surface reaction which leads to the fast bonding with living 
tissues (Chatzistavrou et al., 2006). The rate of tissue bonding depends on 
the rate of HA formation, which is formed as a series of reactions between 
the implant material, surrounding tissues and physiologic fluids (Cao and 
Hench, 1996). Furthermore, the feature of surface reactions of bioactive 
glasses promotes collagen production and cells adhesion (Hench, 1991). 
Xynos and co-workers, 2000 stated that bioactive glass has osteoproductive 
and osteoconductive properties. The osteoinductive property of Bioglass® is 
associated with its degradation process whereby: 1) the growth factors are 
incorporated into the silica-gel layer formed during glass degradation, then 
released after congruent glass dissolution 2) the extracellular proteins, such 
as fibronectine form a chemical bond with the degraded glass particles 3) 
silicon ions stimulate pre-osteoblast and osteoblast cells differentiation and 
proliferation, hence promotes bone formation (Xynos et al., 2001). It has 
been shown that Bioglass® is potential to stimulate oesteogenic progenitor 
cells differentiation into osteoblasts (Bosetti and Cannas, 2005); and its 
surface favours osteoblasts at the expense of fibroblasts proliferation (Hench 
and Ethridge, 1982; Seitz et al., 1982). Therefore, bone growth could be 
provoked through direct effect of Bioglass® on the osteoblast cells gene 
expression (Xynons et al., 2001). In vitro studies showed that Bioglass® 
induces blood vessels formation through stimulating growth factors 
production (Day, 2005).  
Recent research has indicated that certain bioactive glasses could exhibit 
anti-bacterial action (Allan et al., 2001; Zehnder et al., 2006 and 2007). This 
effect is due to the ionic dissolution of bioactive glasses which increases the 
alkalinity of the physiological solutions (Allan et al., 2001, Sepulveda et al., 
2002). The high concentration of ions, such as Ca2+ and Si could be 
associated with anti-bacterial action of these glasses. It is thought that 
calcium stimulates the auto-agglutination of bacteria on the glass surface 
(Stoor, 1999); whereas high silica concentration inhibits bacterial growth by 
direct or indirect mechanism (Zehnder, 2006). The direct effect of silica is 
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related to its action as a surfactant at the solid-liquid interface (Paria and 
Khilar, 2004). The ionic dissolution of silica inhibits bacterial growth indirectly 
by promoting Ca-P layer formation (Kangasniemi et al., 1993), which could 
interfere with the integrity of bacterial cell wall. 
Bioglass® has currently been used in medical and dental applications in the 
form of bulk, powders, coatings and scaffold for tissue engineering 
applications. The bulk form of Bioglass® has been used for prosthetic 
appliances; whereas glass powder is employed as a space filler or to make a 
composite and as a coating to cover metallic implants (Hench, 1999; Hench 
and Wilson, 1993). The clinical applications of Bioglass® include various 
medical and dental fields, such as craniofacial reconstruction, middle ear 
devices, junction of spinal cords, dental implants and percutaneous access 
devices (Aza et al., 2007).   
 Bioactive glasses, however, have some short comings, such as poor 
mechanical strength and low fracture toughness (Cao and Hench, 1996); due 
to the two dimensional random network structures. Therefore, these glasses 
cannot be used in load-bearing application where metallic alloys are still the 
most favourable materials (Lopez et al., 2003). In order to combine the 
mechanical strength of metallic implant and excellent physical properties of 
bioactive glasses; these glasses have been used as a coating for prosthetic 
metallic implants (Hench and Anderson, 1993). This is to improve the osseo-
integration capability of the metallic implants, and protect the metal against 
corrosion from the body fluid and the tissues from the corrosion products of 
the metallic material (Lopez et al., 2003). However, it has been found that 
satisfactory adhesion between these glasses and metallic implants are 
difficult to achieve, owing to the large difference between (TEC) of bioactive 
glasses and implant prostheses (Hench and Buscemi, 1980). In addition, 
these glasses might lose their physical properties during coating procedures 
(Hench and Anderson, 1993). 
Bioactive glasses can be divided into melt-derived and sol-gel glasses 
according to glass-making procedure. The original Bioglass® and most 
commercially available bioactive glasses were synthesised by melt-route 
technique (Jones et al., 2010).  The melting and cooling process is simple, 
low cost technique and less time required for glass making procedure. 
Therefore, the melting technique is more preferable for production of large 
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amounts of bioactive glasses. The disadvantage of melt-derived process is 
that it necessitates higher working temperature. Sol-gel glasses, on the other 
hand, can be prepared by chemically based procedure at low temperature 
(600-700oC) compared with conventional processing techniques (Zhang, 
2008).  
 
2.5.3 Surface reaction of bioactive glasses: 
 
The fundamental mechanism of bone bonding property of bioactive glasses 
involves a sequence of surface reactions when the glass is exposed to 
aqueous medium. During exposure to the physiological solutions the glass 
surface undergoes structural and chemical changes as a function of time 
(Clark et al., 1979). The glass dissolution products change the chemical 
composition and pH of the extracellular fluids (Hench et al., 2002). Ultimately, 
an apatite layer will be formed on the glass surface which promotes bone 
bonding. The release of soluble Si4+ and Ca2+ ions into the adjacent tissues 
and the precipitation of a HA layer on the glass surface play an important role 
in the rapid bone bonding and stimulation of growth factors (Greenspan et 
al.,1994; Greenspan et al.,1997; Greenspan et al.,1998).  
In fact, the mechanism of apatite formation can be applied to different 
compositions of bioactive glasses. For example, the presence of silica in the 
composition of bioactive glasses is essential for HA nucleation within 1 month 
(Curruti, 2004). The bioactivity assays of CaO-P2O5 and SiO2-CaO glasses 
showed that the ionic dissolution rate increased equally for both glasses in 
the body fluids; however, an apatite layer precipitated only on the glass 
containing silica (Ohtsuki et al., 1991; Ohura et al., 1991). Nevertheless, 
Bohner, 2009 stated that there is no link between the released Si4+ and the 
biological behaviour of silica containing calcium phosphate glasses. 
Furthermore, recent research has shown that borate glasses, which are 
silica-free, have a greater potential to induce osteogenesis than silicate  
glasses (Bi et al., not published).  
Hench proposed a mechanism to explain the degradation process of 
bioactive glasses that is widely accepted. The surface reactivity of the 
bioactive glasses can be governed by glass composition; however, it is 
difficult to control glass degradability by this route (Green span et al., 1997).  
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Hench stated that the bone bonding process of surface-reactive bioactive 
glasses includes 11 physiochemical and ultrastructural phenomenon. The 
first five stages that occur at the glass side are independent on the presence 
of living tissues. These stages occur in physiological solutions such as 
distilled water, Tris-buffer solution and SBF (Clark et al., 1979; Hench and 
Clark, 1978; Jantzena, 1988; Kokubo, 1991); and confirmed by Fourier 
transform infra-red spectroscopy (FTIR), Auger electron microscopy and 
electron microprobe analysis (Cao and Hench, 1996).  
According to Hench and Andersson, 1993 the formation of an apatite layer 
includes the following stages: 
Stage 1: Leaching and formation of silanols(SiOH): a rapid ion exchange of 
ions, such as Na+ ,Ca2+ and K+ with H+ or H3O
+  ions from the solution: 
 
              Si-O-Na+ + H+              Si-OH + Na+(solution) 
This ionic exchange is easily occurred since these cations are weakly 
bonded to the glass network and act as network modifier. As a result of these 
ionic exchanges, pH of the solution increases and the glass surface becomes 
negatively charged. 
 
Stage 2: Loss of soluble silica and formation of Si(OH)4: The increased pH of 
the solution, causes break down of the -Si-O-Si- bonds and partial dissolution 
of silica, this  could also be ascribed to the effect of Hydroxyl groups. The 
silica released to the solution in the form of silicic acid Si(OH)4. 
Despite the low solubility of silica, the dissolution of 45S5 glass in 
physiological fluids exhibited an increase in Si concentration (Rohanova et 
al., 2011). This indicates that the ionic dissolution of Si4+ is an essential 
phenomenon for apatite deposition. However, the increase in Si4+ 
concentration might be associated with other mechanism, such as expelling 
of silica rich pieces to the outer environment after being engulfed by 
phagocytes (Rahaman et al., 2011).  
 
Stage 3: Condensation and polymerization of SiO2-rich layer: Silanol groups 
undergo polycondensation with the neighbouring groups and result in the 
formation of a silica gel layer on the surface of alkali and alkaline depleted 
glass. 
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Stage 4: Migration of Ca2+ and PO4
3- ions to the glass surface through the 
silica-gel layer. Consequently a CaO-P2O5 layer is formed on top of SiO2-rich 
layer. This is followed by the formation of amorphous CaO-P2O5 by 
incorporation of soluble calcium and phosphate ions from the solution. 
 
Stage 5: By incorporation of OH- ,CO3
2-,or F- anions from solution ,the CaO-
P2O5   amorphous layer undergoes crystallization .The result of incorporation 
of such ions is the formation of a mixed hydroxyl, carbonate and fluorapatite 
layer. 
Hench and Andersson, 1993 stated that the biological steps occur on the 
tissue side include the following steps: 
 Adsorption of moieties (blood proteins, growth factors and collagen) in the 
SiO2-hydroxycarbonate apatite layer. 
 Action of macrophages. 
 Attachment of stem cells. 
 Differentian of stem cells. 
 Generation of matrix. 
 Mineralization of matrix. 
 
  
2.5.4 Compositional effect: 
 
Various research groups have made an effort to investigate the 
compositional dependence of glass bioactivity. Most bioactive glasses that 
have been used in medical and dental fields are silica-based glasses. The 
ternary diagram shows the relationship between glass composition and the 
bonding capacity of bioactive glass for a fixed weight percent of P2O5.The 
glass in the region A has the ability to form chemical bonds with bone. 
Whereas the glass in the dotted area (central region) represents a glass, 
which has the capacity to form chemical bond with hard and soft tissues, this 
is due to rapid surface reaction and thus, high bioactivity. As the silica 
content increases, the glass bioactivity decreases. For this reason, glass 
composition in the region B is described to be an inert material, and as a 
result fibrous capsule will form at the implant-bone interface.    
The glass composition in region C is resorbable and the glass could be 
dissolved between 10-30 days. This may be ascribed to the increase in the 
Na2O content at the expense of SiO2. From the technical and practical point 
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of view, the composition in region D cannot form glass (Cao and Hench, 
1996) due to the low SiO2 content. The bonding boundary among these 
regions could be reduced and bioactivity suppressed by adding multivalent 
cations, such as Al3+, Ti4+ and Ta5+ (Greenspan and Hench,1976; Gross and 
Strunz,1980; 1985).   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11: Ternary phase diagram expressed in weight percentage. Taken from 
Hench and Wilson, 1993. 
 
The bone bonding mechanism of bioactive glasses is very sensitive to the 
glass composition (Wallace et al., 1999; Elgayar et al., 2005). Many studies 
reported that glass bioactivity decreases with increasing SiO2 content by 
reducing the released modifier ions to the solution and inhibiting silica-gel 
layer formation (Hench and West, 1996; Ducheyne and Qiu, 199; Sepulveda 
et al., 2002). It has been shown that the fast bonding (5-10 days) to hard and 
soft tissues has been reported for bioactive glass SiO2-CaO-Na2O-P2O5 
containing 40-52% SiO2 content (Hench, 1991, 1998). Bioactive glasses and 
glass-ceramics containing 55-60% SiO2 need a longer time to bond to bone 
and cannot attach to soft tissues. Glasses that do not bond to hard and soft 
tissues contain more than 60% SiO2 content and elicit the formation of 
interfacial fibrous capsule (Hench, 1988).  
Preliminary studies reported that the presence of network modifier such as 
Na2O and CaO is essential for apatite deposition (Hench et al., 1991; Ogino 
et al., 1980; Wallace et al., 1999). However, several authors documented that 
the presence of these ions is not necessary; and demonstrated the formation 
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of HCA layer on pure SiO2 glasses, when immersed in an electrolytic solution 
(Peltola et al., 1999; Li et al., 1993B; Cho et al., 1996).  
However, it is difficult to correlate between the composition and bioactivity of 
multi-component glasses using the diagram in Figure 11. It has been 
reported that phosphate is important for the glass to be bioactive, as these 
elements are found in bone (Manupriya et al., 2009). However, phosphate-
free glasses such as Ca-SiO2 glass was able to form apatite after 1 month 
immersion in SBF containing 0.1 mM HPO4
2- (Kokubo, 1990; Oktsuki et 
al.,1991). Glasses in the system Na2O-CaO-SiO2 exhibited apatite formation 
on its surface after soaking in aqueous solution contains calcium phosphate 
ions (Ogino et al., 1980). The borate free phosphate glasses (SiO2-B2O3-
CaO) showed apatite formation as well (Ryu et al., 2004). Hench and 
Anderson, 1993 reached to conclusion that phosphate is not an essential 
factor and it can be adsorbed by the glass surface during immersion in the 
solution.  
Different oxide systems have been studied in order to clarify the effect of 
substituting and adding different compounds on glass bioactivity. Rawlings, 
1993 stated that compounds such as CaF2, MgO, B2O3 and Fe2O3 influence 
glass bioactivity to a certain level. Recently, Brauer et al., 2010 found that the 
addition of CaF2 to glass composition improves glass bioactivity; whereas 
substituting CaF2 for CaO reduces glass degradability and hence bioactivity. 
The effect of MgO on apatite-forming process has been investigated. Studies 
indicated that MgO enhances calcium phosphate layer formation in 
physiological solutions (Li et al., 2004; Kuwahara et al., 2001). However, 
Watts and co-workers 2010 showed that a fraction of magnesium participates 
in the network and copolymerizes the silica network, thus decreasing the 
glass dissolution and bioactivity. Consistently, it has been found that the 
onset of apatite formation increases with partial substitution of MgO for CaO 
(Ma et al., 2010), or addition of MgO to the glass composition (Ebisawa et al., 
1993). 
The effect of ZnO on apatite forming process of bioactive glasses has been 
scrutinised, as this element can stimulate bone formation (Rahaman et al., 
2011). Earlier studies showed that the incorporation of zinc into bioactive 
glasses improved apatite formation in SBF (Oki et al., 2004). Recently, 
however, it has been shown that substitution of ZnO for CaO (Du et al., 2006) 
       
76 
 
and addition of ZnO (Oudadesse, et al., 2011; Kamitakahara et al., 2006) 
retard the nucleation process of apatite formation in SBF. Though, this effect 
depends on the concentration of ZnO in the glass composition (Kamitakahara 
et al., 2006; Srivastava and Pyare, 2012). Molecular dynamic (MD) 
simulation studies showed that Zn behaves as an intermediate oxide and 
copolymerises the silica network (Lusvardi et al., 2002; Linati et al., 2005); 
and hence decreasing the glass dissolution and bioactivity. 
 
2.5.5 The effect of network connectivity on glass bioactivity: 
 
Many models have been proposed to elucidate the degradability and apatite 
forming process of bioactive glasses, such as the work of Kokubo et al., 
1992, Andersson et al., 1990; Rawlings, 1993; Li et al., 1992C and Hill, 1996. 
Yet, many details are not fully understood, mainly the optimal silicate surface 
characteristics and the ionic interactions that stimulate amorphous calcium 
phosphate formation; and the process by which amorphous calcium 
phosphate crystallizes to HCA (Gunawidjaja et al., 2012). Most studies 
accept the Hench mechanism; however, this mechanism depends mainly on 
glass composition and neglect the effect of glass structure. The first stage of 
Hench’s mechanism depends on the rapid exchange of Na+ with H+ of the 
solution. Nevertheless, certain glasses were able to form surface apatite 
without Na2O being included in the glass composition. Moreover, it failed to 
explain the non-bioactive behaviour of glasses with high silica content (>60 
mol %); and the bioactive behaviour of some glasses, which do not contain 
alkali metal oxide in their composition such as CaO.SiO2 composition 
(Ebisawa et al., 1990). In addition, this mechanism predicted bioactivity of 
glass composition given by weight percentage, rather than mole percentage, 
which might mask the glass properties-composition relationship. 
Hill, 1996 proposed the concept of network connectivity to explain the apatite 
forming process of bioactive glasses. This concept is based on inorganic 
polymer model, which views silicate glasses as inorganic polymers of silicon 
cross linked by oxygen atoms (Holliday, 1970; Ray, 1978). Network 
connectivity is based on the relative number of network forming oxides and 
the number of network modifying species (Elgayar, 2004; Towler et al., 
2002). Based on the network connectivity, inorganic polymer models and the 
degree of polymerization of silicate network, many glass properties such as 
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surface reactivity and glass degradability can be explained (Hill, 1996). 
Bioactivity depends on the degree of solubility of the glass in a biological 
medium. Hence, bioactivity can be predicted by applying the concept of 
inorganic polymer model to glass structure.  
The glasses with network connectivity higher than 2.4 can be classified as a 
non-bioactive or have low bioactivity. As the NC decreases towards 2.0, the 
bioactivity increases and the glass structure consists mainly of Q2 species, 
which correspond to two BO and 2 non-BO per silicon tetrahedron (Elgayar 
et al., 2005). The glass structure at network connectivity 2.0 changes from 
cross-linked network to linear chains of low molar mass.   
 The linear silicate chains have a higher mobility and can reach the glass-
tissue interface more easily compared with more bulky structure, such as 
rings (Turdean-Ionescu, 2010). The migration, detachment and release of 
silicate unites initially included in a ring needs the breaking of a large number 
of coavalent Si-O bonds, compared with the release of a linear silicate 
chains. The structural unites of silicate glasses of such low NC have low 
molecular masses, and have the ability to dissolve and go into the solution 
without breaking the silicon-oxygen-silicon bonds (Hill, 1996). This means 
that surface reactivity and bioactivity is governed by network connectivity, 
and it does not require hydrolysis of silicon-oxygen-silicon bonds, as 
proposed in the second step of Hench mechanism. This deduction is 
supported by the finding of Elgayar, (2004) who stated that there is no 
correlation between activation energy of ion hopping and dissolution of 
bioactive glass, and the activation energy for alkali metal ion hopping is four 
times higher than that required for glass degradation.  
Glasses of network connectivity lower than 2.0 are called invert glasses. 
Glasses of low network connectivity can be dissolved fairly rapidly. The rapid 
dissolution of these glasses increases the amount of alkali ions in the 
biological environment, which might cause a high pH, cell death and isolation 
of the materials by non-adherent fibrous tissues capsulation (O’Donnell and 
Hill, 2010).   
The silicate chains in highly disrupted glasses are connected together by the 
attractive forces between the bivalent cations and the NBOs attached to Q2 
species; whereas the glasses with more compact network connectivity the 
silicate chains join together by BOs (Fredholm et al., 2010). It should be 
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highlighted that one molecule of SiO2 forms four BOs; whereas network 
modifier such as Na2O, CaO or MgO form two NBOs (Fredholm et al., 2010). 
 
2.5.6 Structural role of phosphorus: 
 
The role of phosphate in the glass structure is still under debate. According to 
Zachariazen (Zarzycki, 1991), P2O5 is a network former and must form six 
BOs. Recent 31P MAS-NMR spectra showed a single resonance designated 
to an orthophosphate–like species (Elgyar et al., 2005; Lockyer et al., 1995). 
Moreover, a dielectric spectroscopy study of bioactive glasses exhibited two 
disimilar relaxation processes relating to two different alkali metal ions 
hopping process (Elgyar et al., unpublished). The two relaxation processes 
are thought to associate with two separate alkali metal ions hopping 
mechanisms in the two phases (Fredholm et al, 2010). These findings 
indicate that phosphorus does not participate in the silicate network; instead 
it forms orthophosphate species, which attract cations for charge balancing 
NBOs in the silicate network. 
Therefore, one molecule of P2O5 generates two orthophosphate species and 
removes three molecules of network modifier. Hence, six BOs in the silicate 
network are formed for each phosphorus presented in the glass composition. 
Phosphorus can cross link the silicate network (Elgayar, 2005; O’Donnell et 
al., 2008; 2009). This new finding should be taken in consideration during 
calculation network connectivity. 
 
2.5.7 Structural role of magnesium: 
 
Dietzel, 1942, stated that the ionic field and the charge to size ratio of Mg 
puts this element at the boundary between being categorized as a network 
modifier or intermediate oxide. Studies have shown that Mg has different 
coordination numbers 4, 5 or 6 in the silicate glasses, and this depends on 
the methods of exploration (external energy-loss fine structure spectroscopy) 
(Tabira, 1996), (X-ray absorption spectroscopy) (Ildefonse et al., 1995; Dien 
et al., 1999), or nuclear magnetic resonance spectroscopy (Kroeker and 
Stebbins, 2000). These controversies on the Mg coordination number 
contribute to the difficulty in determining the definite structural role of Mg in 
silicate glasses. Recently, however, authors stated that MgO can behave as 
intermediate oxide and a network modifier in highly disruptive glasses (Watts 
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et al., 2010; Pedone et al., 2008). Figure 12 shows schematically Mg as a 
network modifier and an intermediate oxide.   
 
 
 
 
             
         
 
             Figure 12: The role of Mg (A) network modifier and (B) an intermediate oxide. 
 
It should be highlighted that the intermediate role of Mg means that this 
element can enter the silicate network and form MgO4 tetrahedron, which 
removes cations such as Na+ and Ca2+ from silicate network for charge 
balancing; and consequently crosslinks the network. This behaviour should 
be taken into account during calculation the network connectivity. However, it 
is difficult to determine precisely the quantity of Mg in the glass composition 
that acts as intermediate oxide without investigating the glass structure using 
ssNMR. As a network modifier, MD simulation studies indicate that Mg is 
homogenously distributed in the silicate phase with Ca and Na; however, is 
not found in the region of orthophosphate phase (Pedone et al., 2009).  
 
2.5.8 Structural role of zinc:  
 
Studies showed that the structural role of zinc in oxide glasses is the subject 
of debate with evidence for behaviour as an intermediate oxide or network 
modifier (Rosenthal and Garofalini, 1986; 1987). Recently, it has been 
suggested that zinc in phosphosilicate glasses forms ZnO4 tetrahedron, 
irrespective of its concentration, and co-polymerises the NC with silicate 
tetrahedra (Linati et al., 2005). This action clarifies the increment in the 
chemical durability of zinc-bearing glasses (Lusvardi et al., 2009A). Zinc was 
classified as an intermediate oxide according to Zachariazen and Dietzel’s 
models, as this element exhibits octahedral and tetrahedral geometries in the 
glass structure (Lusvardi et al., 2002). The former feature is typical of 
network modifier; whereas the latter is an intermediate oxide. However, this 
depends on the zinc content; as increasing zinc content is accompanied by 
decreasing the concentration of tetrahedral zinc and increasing the level of 
octahedral zinc (Lusvardi et al., 2002). A wide range of zinc-bearing glasses 
A B 
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was studied and the results showed that zinc behaves as a weak network 
former compared to SiO4 tetrahedra (Lusvardi et al., 2004).  
 
2.5.9 Structural role of fluorine: 
 
The structure of fluorine containing glasses has been studied in literature. 
However, the final conclusion, whether F- predominantly forms Si-F bonds or 
is coordinated with Ca2+ without breaking Si-O-Si bonds, is not definitive yet 
(Hayashi et al., 2002; Luth,1988;Kumar et al.,1961). Authors reported that 
the compactness of network connectivity increases by substituting CaF2 for 
CaO or Na2O (Brauer et al., 2009; Lusvardi et al., 2008). This could be due to 
the decrease in the number of NBOs in the silicate network and formation of 
Si-F bonds. Therefore, glass degradability and apatite forming ability 
decrease (Lusvardi et al., 2009A; Lusvardi et al.,2009B; Aina et al., 2011) 
and even cellular biocompatibility (Bergandi et al., 2010). However, it is found 
that the formation of Si-F bonds is unlikely in glasses having network 
connectivity around 2.0; due to the presence of large number of NBOs and 
the low affinity of Si to F- ions compared to oxygen (Hill et al., 2005).  
Recently, ssNMR and MD simulation studies demonstrated that the addition 
of CaF2 does not cause the disruption of silicate network by forming Si-F 
bonds, instead fluoride complexes Ca and Na (Hayashi et al., 2002; Brauer 
et al., 2009; Lusvardi et al., 2009B; Cocchi et al., 2012; Pedone et al., 2012). 
It is thought that fluoride tends to complex Ca rather than Na (Brauer et al., 
2009;Hayashi et al., 2002); however, latest research showed that fluoride has 
no preference to Ca or Na and usually found in  mixed species (Christie et 
al., 2011;Pedone et al., 2012). Therefore, fluoride polymerises the network 
connectivity by removing modifier cations from the silicate network for charge 
balancing NBOs (Cocchi et al., 2012; Pedone et al., 2012). However, the 
degree of network polymerization and subsequent bioactivity can be 
preserved after addition of F- by keeping the ratio of network modifier to 
network former constant (Brauer et al., 2010; Brauer et al., 2009).  
In fact, fluorine reduces the compactness of the silicate network. This is 
evidenced from decreasing the glass transition temperature with increasing 
fluoride content compared with fluoride-free glasses (Brauer et al., 2009; 
Hayashi et al., 2002). In fluorine-free silicate glasses, bivalent Ca2+ ions 
ionically bond silicate anions by electrostatic forces and Ca ions effectively 
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act as ionic bridges between two NBOs. After addition of CaF2, hypothetical 
CaF+ species are added to the silicate ions, which reduce the electrostatic 
forces between NBOs considerably and results in decreasing the 
compactness of the glass network (Hayashi et al., 2002; Bååk and Ölander, 
1955; Bills, 1963), as demonstrated in Figure 13.  
 
 
 
 
 
                            
 
 
                         
 
 
 
 
Figure 13: Effect of CaF2 on network connectivity (glass structure). 
 
 
2.5.10 Split network model: 
 
The main shortcoming of Stevel’s principle is the omission of the structural 
role of phosphate in the glass network. Recently, Eden et al., 2011 has 
introduced the concept of a split network, which accounts the presence of 
orthophosphate species in the glass structure. However, the split network 
model is considered as a general view of Stevel’s network model. Through 
this model the average polymerization value of each network former (A, B, 
C,…) in a complex multi-component glass system can be evaluated. The 
structure, composition and bioactivity of melt-derived silicate based glasses 
can be scrutinised as well. For ease of structural analysis, this model splits 
the glass network formers into isolated units. This theory might provide a 
comprehensive understanding of the amorphous structure; however, all the 
equations can be employed equally for crystalline compounds. This model 
suggests certain assumption in order to predict the polymerization value of 
glasses: 
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1- The cation composition of the sample is known. 
2- All oxygen species take part in the glass network, where O binds to either 
one NBO or two BOs, this means no O2- ions are coordinated only to 
modifier ions. 
3- The coordination number(s) of each network forming cation is known. 
The triplet parameters of split network model (polymerization degree(r), 
the average number of BO and NBO) can be calculated from the following 
equation (Eden, 2011): 
                                    NFNBO= ZF-N
F
BO= 2r -ZF                       (5) 
Where N is the average number of BO and NBO, F is the network former, Z 
is the average coordination number of the set (ZA, ZB,ZC,…). 
 
2.5.11 Shortcomings of network connectivity: 
 
Network connectivity can be considered as a useful tool to predict glass 
bioactivity and degradability (Stevels, 1960). However, its predictive power 
decreases as more chemical compounds included in the glass composition 
(Hill, 1996). This is because network connectivity is based on the assumption 
that the glasses have homogenous structure and the network–forming ions 
have regular co-ordination numbers in glass composition. This model could 
not explain the result of glass in glass-phase separation and some glass 
properties. In addition, this concept emphasises the biological response of 
glasses, and neglect the effect of field strength (z/a2) or charges Z of the 
network modifier cations (Magallanes-Perdomo et al., 2012). Furthermore, 
the network model takes into account that Mg and Zn behave as a network 
modifier only and ignore their roles as an intermediate oxide. This model 
proposed that the presence of fluoride disrupts the network connectivity by 
forming non-fluoride bridging; whereas recent studies suggested that this 
element does not form a chemical bond with Si.  
 
2.5.12 Criteria for successful coating of dental implant: 
 
Gomez and co-workers recognised not only the importance of TEC, but also 
the softening temperature and the firing parameters. The positive effect of 
controlling the time and temperature during firing process has been 
emphasized in their work. Since improper selection of firing conditions 
causes excessive oxidation which leads to formation of thick TiO2 layer and 
titanium silicides (Ti5Si3). Both of these layers have detrimental effect on the 
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adhesion between the two phases. The TiO2 layer is usually porous and its 
adhesion with metallic substrate is poor (Kubaschewski and Hopkins, 1962); 
and the Ti5Si3 is brittle and has TEC higher (11.1x10
-6/oC-1) than that of Ti-
6Al-4V (Neshpur and Reznichenko, 1963).  
In order to obtain a successful bioactive glass coating on metallic substrate, 
(Lopez et al., 2003) suggested the following criteria: 
 The glass and the metallic substrate should retain its physical properties 
during firing cycle. 
 Thermal expansion coefficient of glass should match that of titanium to 
avoid cracking or delamination, which occurs due to the generation of 
large thermal stresses during cooling phase. 
 The firing cycle should produce optimum adhesion between glass and the 
metallic substrate. 
 The glass coating should be under compressive stress to maintain optimal 
adhesion with underlying substrate (Bharati et al., 2009). 
 The glass should form a layer of hydroxyl/fluorapatite layer when exposed 
to biological environment. 
 The glass should exhibit anti-bacterial and anti-inflammatory action.  
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3. Materials and methods 
3.1 Rational: 
           
Bioactive glass could improve osse-integration of dental implants. The 
literature indicates that coating titanium implants with bioactive glasses using 
thermal techniques is a challenging procedure. This is because these 
glasses have high thermal expansion coefficient (TEC) and are more prone 
to crystallization during heat treatment (Arstila et al., 2008). Several efforts 
have been made to tailor TEC of bioactive glasses to that of titanium 
substrate. This is either by increasing SiO2 content or adding/substituting 
compounds in the glass composition (Pazo et al., 1998A&B; AlBatal et al., 
2003). The results of these attempts were promising to reduce TEC. 
However, bioactivity assays of these glasses showed that the ability of the 
glasses to form apatite either reduced or was lost. Therefore, and in order to 
enhance and improve bioactivity, particles of HA and/or bioglass®45S5 were 
added to the glass coating (Gomez et al., 2000). 
The effect of crystallization on glass bioactivity is still the subject of debate. 
Nevertheless, crystallization should be avoided, as it is not only reduces 
bioactivity of the glass (Chen et al., 2006; Peitl et al., 1996), but also 
interferes with high temperature viscous flow sintering (Muller, 1994; Gutzow 
et al., 1994). In order to tackle this problem, compounds such as K2O (Arstilla 
et al., 2008; Cannillo and Sola, 2009) and MgO (Watts et al., 2010, Brink, 
1997) have been incorporated into glass compositions. However, 
crystallization of the glasses during the coating procedure might result from 
improper selection of the firing parameters. Therefore, factors, such as time, 
temperature (Lopez et al., 2003) and heating rate (Bellucci et al., 2010) 
should be considered carefully. Neglecting one of these parameters might 
cause crystallization of the glasses and failure of the glass particles to sinter 
and subsequent detachment of the coating from the substrate.  
 Various techniques have been investigated to fabricate bioactive glass 
coating on titanium substrate. Enamelling is one of the most common 
techniques that have been used for this purpose. This procedure, however, 
like other techniques has advantages and disadvantages.  
Therefore, the aim of this project is to develop bioactive glass coatings that 
have TECs matched or close to that of pure titanium substrate. These 
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glasses have a wide sintering window and should not crystallise easily during 
heat treatment. In addition to that, to be useful for osseo-integration, the 
glass coating must have the ability to form crystallite apatite in vitro and in 
vivo within a short time period. The chemical and structural characteristics of 
this apatite should be similar to mineral component of bone. In order to fulfil 
these goals, the glass composition, the coating technique and the coating 
parameters should be designed and selected carefully. 
 
3.2 Glass composition design: 
 
The glasses produced in this research are multi-component compared with 
Bioglass® 45S5. The incorporation of these extra-components in the glass 
composition is due to their structural and biological roles as explained below: 
 In order to supress crystallization and widen the processing windows 
compared with the 45S5 Bioglass ®. The number of network modifying 
oxides was increased in the glass composition. This increases the entropy of 
mixing and enlarges the barrier for crystallization, as the energy barrier for 
atomic re-arrangement is high to form a critical sized nucleus. It has been 
stated that the thermal stability of oxide glasses is attributed to the optical 
basicity of the oxides (numerical expression of the average electron donor 
power of the oxide species). Thus, combining two oxides with high and low 
optical basicity (Na2O-1.15 and ZnO-0.95 respectively) causes a strong 
interaction in the glass and impedes the movement of Na+ and Zn2+ ions, 
resulting in a high resistance to crystallization (Aida et al., 2001).          
 
 Magnesium reduces the thermal expansion coefficient since it has a low 
Appen factor (6.0). In addition, recently, Watts and co-workers (2010) stated 
that magnesium participates in the silicate network as an intermediate oxide 
and forms (MgO4)
2- , which requires cations such as Na+ or Ca2+ for charge 
balancing. Thus, crossing the network connectivity and reducing the 
coefficient of thermal expansion. Moreover, magnesium increases the 
sintering window as it suppresses crystallization (Watts et al., 2010) and 
decreases the glass transition temperature.  Biologically, this element has 
interesting properties in the bioactive field as it is the 4th most abundant 
mineral in the body. It has an advantageous effect on fracture prevention and 
bone density (Sojka and Weaver, 1995). 
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 Zinc has the ability to suppress crystallization and increase the sintering 
window of glasses. It is thought that this element behaves as an intermediate 
oxide and forms ZnO4 terahedra in phospho-silicate glasses (Lusvardi et al., 
2002; Linati et al., 2005). Zinc-containing coatings can retain a predominantly 
glassy structure at different heating rates (Soundrapandian et al., 2011) and 
resist minor changes in firing parameters. Biologically, zinc stimulates bone 
cell proliferation and differentiation and improves bone-bonding ability of 
bioactive glasses (Oudadesse et al., 2011). It is thought that zinc can 
promote bone formation (Yamaguchi et al., 1998) and inhibit bone resorption 
(Kishi and Yamagushi, 1994). Moreover, it enhances the wound healing 
process and acts as a bacteriocidal and anti-inflammatory agent (Lansdowne 
et al., 2007).  
 Fluoride reduces the melting and glass transition temperatures of 
glasses (Brauer et al., 2009). It decreases crystallization temperature and 
promotes homogenous nucleation of the apatite phase (Hill et al., 1992). 
Adding CaF2 to the glass, rather than substituting it for CaO, actually 
increases the rate of apatite formation and results in the formation of 
fluorapatite, rather than hydroxycarbonated apatite (Brauer et al., 2010). 
Biologically, addition of fluoride to metallic coatings was shown to enhance 
osteoblasts proliferation (Kim et al., 2004B). Fluoride could increase bone 
density (Aaseth et al., 2004; Vestergaard et al., 2008); therefore, it is of 
interest in the treatment of osteoporosis. 
  Potassium promotes glass formation and supresses immiscible phase 
separation (Mooghari et al., 2012). Therefore, this element is thought to 
reduce the tendency of bioactive glasses to crystallization (Arstilla et al., 
2008; Cannillo and Sola, 2010). It has been shown that K2O decreases glass 
transition temperature (Elgayar, 2004) and melting temperature.  
 Fluorapatite (FA): From structural and chemical points of view FA (Ca10 
(PO4)6F2) is similar to hydroxyapatite HA (Ca10(PO4)6(OH)2). The 
osteoconductivity and biocompatibility of FA is comparable to that of HA 
(Dhert et al., 1993; Klein et al., 1994; Denissen et al., 1991). However, FA is 
more stable thermally and has lower biodegradation rate in comparison to HA 
(Freeman et al., 2003; Haverty et al., 2005).  Furthermore, TEC of FA is 
lower than that of HA (9x10-6 and 15x10-6 /oC, respectively) (Weng et al., 
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2003). FA has an excellent mechanical strength; hence, it is widely used in 
dental applications (Wei and Evans, 2003).  
 
3.3 Glass synthesis: 
 
The compositions of each glass series were melted in a 300 mL platinum-
rhodium alloy crucible using an electric furnace (Hope Valley, Lenton 
Thermal Designs, UK) at temperatures between 1400-1460oC for one and 
half hours. The melts were then rapidly quenched into deionised water to 
prevent crystallization and phase separation. After pouring, the remaining 
glass in the platinum crucible was inspected visually for any heterogeneities, 
crystallization and phase separation.  The glass frit produced was collected in 
a sieve and dried overnight at 120oC. 
 100 g of the dried frit was then ground in a Gyro Mill (Glen Creston, UK) for 
14 minutes and sieved for 60 minutes in a sieve shaker (Retsch ,VS1000, 
Germany) to obtain below and above 45μm particles. The size of the particle 
and the grinding time was kept constant in order to maintain control over the 
particle size distribution. 
  
3.3.1 MgO series 
 
Seven glasses with varying MgO concentrations were prepared using 
reagent grade chemicals in each case (SiO2, MgO, CaCO3, Na2CO3, K2CO3, 
ZnO and P2O5) in the appropriate proportions. The composition of each glass 
is listed in Table 3. Magnesium oxide was substituted partially for calcium 
oxide on molar basis, keeping the network connectivity constant at 2.11; this 
is to eliminate any influence of network disruption. The ratio of other 
compounds remained constant. 
 
3.3.2 CaF2 series 
 
CaF2 was added to the base glass containing (14 mol%) MgO. The chemical 
composition of the base glass is (SiO2-CaO-MgO-Na2O-K2O-P2O5), as 
shown in Table 3. CaF2 was added on molar basis as (2.44, 4.77, 9.11, 
10.33, 11.53,13 mol%) into the glass composition. The concentration of other 
compounds remained constant so that to keep the network connectivity of the 
base glass at 2.11.  
  
       
88 
 
3.3.3 MgF2 series 
 
Based on the chemical composition of the MgO glass series, seven MgF2 
containing glasses were prepared using reagent grade chemicals (SiO2, 
MgO, CaCO3, Na2CO3, K2CO3, MgF2 and P2O5) in the appropriate 
concentrations. The composition of this glass series is different from that of 
MgO series, as MgO and MgF2 are substituted totally for ZnO. Two third of 
the original ZnO concentration was given to MgO and 1/3 to MgF2. The 
concentration of MgF2 kept constant at 1 mol% for all glass series, as shown 
in Table 3. 
 
3.4 Synthesis of fluorapatite(FA): 
 
In this project FA was produced using a solid-state reaction route, by high 
temperature sintering of the required molar amounts of powdered tricalcium 
phosphate Ca3(PO4)2 and calcium fluoride CaF2. The mixture of raw 
materials was heated at 1050oC for 16 hours.  
Grinding of frit materials and sieving of apatite powder to obtain greater and 
less than 45 µm particle sizes was carried out as described for the glasses. 
Identification of the final monophase material and confirmation that the 
reaction had gone to completion was obtained using powder X-ray diffraction. 
 
3.4.1 MgF2 glass-FA composite preparation: 
 
Three glasses of the MgF2 series were selected to mix with FA crystals. 
These glasses containing low (9.93 mol%), medium (16.13 mol%) and high 
(22.13 mol%) MgO. The reason for choosing these glasses is to evaluate the 
effect of FA on the bioactivity of glasses containing different MgO 
concentrations. The glass powder was mixed with FA crystals at tow 
glass/apatite ratios 4:1 and 14:1. Particle size less than 45 μm of glass 
powder and fluorapatite were mixed manually using a pestle and mortar for at 
least 5 min.  
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Series Glass SiO2 CaO MgO ZnO Na2O K2O P2O5 CaF2 MgF2 
 M
g
O
 
QM5 41.7 36.3 7.8 3.1 5.2 1.0 4.7 
…… ……. 
QM9 41.7 35.0 9.0 3.1 5.2 1.0 4.7 
……. …….. 
QM7 41.7 33.1 11.0 3.1 5.2 1.0 4.7 
……. ……. 
QM8 41.7 30.0 14.0 3.1 5.2 1.0 4.7 
…….. ……. 
QM6 41.7 27.2 16.8 3.1 5.2 1.0 4.7 
……. ……. 
QM10 41.7 26.0 18.0 3.1 5.2 1.0 4.7 
……. ……. 
QM11 41.7 24.0 20.0 3.1 5.2 1.0 4.7 
……. …… 
 
C
a
F
2
 
2.5 40.7 29.3 13.6 3.0 5.0 0.9 4.6 2.4 …… 
5 39.8 28.6 13.3 2.9 4.9 0.9 4.5 4.7 …….. 
10 38.0 27.3 12.7 2.8 4.7 0.9 4.3 9.1 …….. 
11.5 37.4 26.9 12.5 2.8 4.6 0.8 4.2 10.3 …….. 
13 36.9 26.6 12.4 2.7 4.6 0.8 4.1 11.5 …….. 
15 36.3 26.1 12.2 2.7 4.5 0.8 4.0 13.0 …… 
           
M
g
F
2
 
QMF5 41.7 36.3 9.93 …… 5.2 1.0 4.7 …….. 1 
QMF9 41.7 35.0 11.13 ……. 5.2 1.0 4.7 …….. 1 
QMF7 41.7 33.1 13.13 …… 5.2 1.0 4.7 …….. 1 
QMF8 41.7 30.0 16.13 …… 5.2 1.0 4.7 …….. 1 
QMF6 41.7 27.2 18.93 ……. 5.2 1.0 4.7 …….. 1 
QMF10 41.7 26.0 20.13 ……. 5.2 1.0 4.7 ……. 1 
QMF11 41.7 24.0 22.13 ……. 5.2 1.0 4.7 ……. 1 
               
                                Table 3: Chemical composition of glass series (mol%). 
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3.5 Glass characterization: 
3.5.1 X-ray diffraction (XRD): 
 
In order to check that the glasses were not partially crystalline, X-ray 
diffraction was carried out. Each glass composition was studied using an X 
‘Pert Pro X-ray diffractometer (Panalytical, the Netherlands) with flat plate θ/θ 
geometry and Ni-filtered Cu-Kα radiation (Kα1= 1.540598 and Kα2= 
1.5444260Ǻ) at 45 kV/40 mA. The pattern was taken in the 2θ range of 5o to 
120o with a step size of 0.0334o (2θ) and a step time of 200.0 seconds. The 
detector is a panalytical X’ Celerator solid state detector which scans 
continuously over a 2.12o range. The experiments were run at 25oC. Powder 
of particle size <45 µm was used. 
 
3.5.2 Differential scanning calorimetry (DSC): 
 
Differential scanning calirometry (DSC) is a technique used to measure the 
temperatures associated with transitions in materials as a function of time 
and temperature in a controlled atmosphere. These measurements include 
quantitative and qualitative information about the physical and chemical 
changes that involves the exothermic and endothermic processes, or 
changes in heat capacity.  
50 mg of glass particle size < 45µm and >45µm were analysed in a platinum 
crucible using analytical grading alumina as a reference. Experiments were 
conducted in a nitrogen atmosphere and at heating rates of (5, 10, 20, 30 
and 40)oC/min. from 50-1100oC using a Stanton-Redcroft DSC 1500 
(Rheometric scientific, Epsom, UK). The glass transition temperature (Tg), 
peak crystallization temperature (Tp), and the onset of peak crystallization 
temperature (Tpcon) were determined for each glass using the computer 
software supplied as illustrated in Figure 14. 
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Figure 14: DSC plot showing the glass transition temperature (Tg), the onset of peak 
crystallization (Tpcon) and crystallization temperature (Tp). 
 
 
3.5.3 Glass casting: 
 
Rods of 30 mm in length and 8 mm diameter for each composition were cast, 
by re-melting approximately 100g of glass frit for half an hour at temperature 
that ranged between 1450-1460oC, sometimes the temperature was 
increased to 50oC above the original temperatures to ensure fluidity of the 
glass and that no bubbles are formed when casting the glass. 
The melted glass was then poured into a graphite mould heated  to the glass 
transition temperature, then the mould was allowed to cool slowly to room 
temperature in the furnace (ELF 11/6B, Carbolite, Hope Valley,U.K) overnight 
(the furnace cooling rate around 1-2oC/min.) to relieve stresses. 
 
3.5.4 Dilatometry analysis: 
 
A dilatometry is a thermo-analytical technique for measuring the shrinkage or 
expansion of materials over a controlled temperature program. Dilatometry 
was carried out using a differential dilatometer (DIL 402PC, Netzsch 
Instrument, Germany) in a temperature range between (50-725)oC, at a 
heating rate 5oC/min. Softening point protection was carried out during the 
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measurements. A calibration run using a standard alumina rod was carried 
out between (50-725)oC at 5oC/min. prior to the experimental measurements. 
The cast glass rods of 20-24 mm in length and 8 mm in diameter were 
obtained after cutting the ends using a diamond saw and polishing with P400 
silicon carbide papers to produce flat and smooth surfaces. The rods were 
analysed between 100-500oC at a heating rate of 5oC/min. The TEC, Tg and 
softening point (Ts) were determined from each trace using the system 
software as demonstrated in Figure 15. 
The plot of the change in length against temperature was corrected against 
the calibration trace. The Ts and Tg of the samples were evaluated directly 
from the corrected plot. Thermal expansion coefficient (α) of each glass was 
calculated using the following formula: 
                               α(T0-T)=1/L0 x ∆L/∆T=1/L0 x LT- L0/T-T0                     (6) 
Where ∆L is the change in length, LT is sample length at temperature T, L0 is 
the original length, ∆T is the change in temperature, and T0 is the original 
temperature.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15: Dilatomatry trace showing thermal expansion coefficient (TEC), glass 
transition temperature (Tg) and softening temperature (Ts). 
 
 
3.6 Glass structure 
3.6.1 Bulk Density: 
 
The density of each glass sample was measured using an analytical balance 
(Mettler AE 200, Mettler instruments Ltd, UK) fitted with a density 
determination kit (Mettler ME-33360, Mettler instruments Ltd, UK) based on 
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Archimede’s principle. The measurement was performed at room 
temperature using distilled water as the immersion fluid. Rods of 8 mm in 
diameter and 20-24 mm in length were used. The bubble-free samples were 
used in density measurement to avoid bubbles trapped during casting. The 
relative weight of the samples in air and in distilled water was recorded with 
accuracy of 0.1 mg. According to the protocol provided with the density 
determination equipment, the sample density ρ could be calculated using the 
following equation:  
                                              ρ = A/ (A-B) x ρo                                           (7) 
Where A is the weight of glass rod in air, B is the weight of glass rod in 
distilled water, and ρo is the density of the water at given temperature. 
 
3.6.2 Oxygen density: 
 
Oxygen density is an important property that characterise the glass structure 
(Kingery, 1960). Calculation of oxygen density provides insight about the 
compactness of the glass network connectivity after substitution. The oxygen 
density was calculated according to the following equation:  
       
                             
                         
                        
            (8) 
 
3.7 Fourier transforms Infrared spectroscopy (FTIR): 
 
Information on the IR active Si-O groups present in the glasses was obtained 
using (Perkin–Elmer Spectrum GX). About 10 mg of glass powder was 
introduced into the FTIR machine. The data collected in the range of 1800-500 
cm-1 with a resolution of 0.2 cm-1. The absorbance spectra were collected 
using 10 scans to increase the signal to noise ratio.  A background scan was 
carried out before scanning the glass samples to remove unwanted 
environmental effects from the sample scans. 
3.8 Coating process: 
 
A glass coating on a disk of commercially pure titanium was performed by 
vitreous enamelling technique, using a porcelain furnace (Centurion Quartz 
NEY). 
       
94 
 
The precipitation method was used in order to make bioactive glass settle on 
a disk of commercially pure titanium. 2.5 g of selected glass particles (<45 
µm) was dispersed in 50 ml ethanol by stirring thoroughly. A disk of 
commercially pure titanium of 10 mm, which had been previously polished 
with 1 mm diamond paper and cleaned in acetone and ethanol in ultrasonic 
bath, was dropped in glass powder suspension. This was left in vacuum oven 
at 80oC for one hour so that the glass powder was settled on metal substrate, 
producing a uniform surface. Confirming that the glass powder completely 
deposited, the specimen was introduced in a pre-heated dental furnace to 
300oC. Next, it was heated at a rate of 60oC/min. to the desired temperature 
followed by holding for certain time period at the maximum temperature. 
During heating process, the furnace was evacuated to 100% vacuum 
pressure (0.1 atm). Figure 16 demonstrates the coating procedure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
       Figure 16: Precipitation and coating procedure by enamelling technique. 
 
3.9 Conditions of coating process: 
 
The main concern during the coating procedure is to maintain the amorphous 
phase and prevent crystallization from occurring. Due to the difference of the 
chemical composition of each glass/composite series, the firing parameters 
(maximum temperature, holding time and heating rate) were modified.  These 
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parameters were chosen according to the sintering window of each glass 
series. Table 4 shows the firing parameters and properties of the 
glass/composite coatings of each series: 
 
 
 
Se
ri
es
 
Glass 
Mx 
Temp. 
Lo 
Temp. 
H/R H/T 
Tpcon-
Tg 
Adhesion 
Optical 
appearance 
M
gO
 QM5 (7.8%) 740 300 60 30 183 Good Amorphous 
QM8 (14%) 740 300 60 30 231 Good Amorphous 
QM11 (20%) 740 300 60 30 186 Good Amorphous 
                 
C
aF
2
 
 
MQM8(2.4) 
 
720 300 60 2 166 Satisfy Amorphous 
 
MQM8(9.11) 
 
720 300 60 2 112 Satisfy Crystallite 
MQM8(11.5) 
690-
720 
300 60-80 2-5  99 Poor   Crystallite 
 
MQM8(13) 
650-
700 
300 60-80 2-5  93 Poor Crystallite 
 
M
gF
2
 
QMF5 (9.93%) 720 300 60 2 158 Satisfy Amorphous 
QMF9 (11.13%) 720 300 60 2 162 Satisfy Amorphous 
QMF7 (13.13%) 720 300 60 2 171 Satisfy Amorphous 
QMF8 (16.13%) 720 300 60 2 172 Satisfy Amorphous 
QMF11 (22.13%) 720 300 60 2 197 Good Amorphous 
               
M
gF
2
-F
A
 
 
(9.93%)-FA(4:1) 
 
720 300 60 30 …… Satisfy Fully  Cryst/ FA 
 
(16.13%)-FA(4:1) 
 
720 300 60 30 ……. Satisfy Fully  Cryst/ FA 
 
(22.13%)-FA(4:1) 
 
720 300 60 30 ……. Satisfy Fully  Cryst/ FA 
                  (9.93%)-FA(14:1) 740 300 60 5  ……… Satisfy Amorph/cryst. 
 
(16.13%)-FA(14:1) 
 
740 300 60 5  ……… Satisfy Amorph/cryst. 
 
(22.13%)-FA(14:1) 
 
750 300 60 5  …….. Satisfy Amorph/cryst. 
                                        
Table 4: Showing coating parameters, adhesion status, sintering window (Tpcon-Tg) 
and optical appearance of glass and glass/FA composites. 
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3.11 Bioactivity test: 
3.11.1 Glass powder: 
 
Bioactivity of the glass powder was assessed by investigating the formation 
of a surface apatite layer in Tris buffer solution and simulated body fluid 
(SBF). Tris buffer was prepared by adding 15.99 mg of Tris (hydroxymethyl 
aminomethane) powder to 800 ml deionized water. About 44.2 ml HCL was 
added and the solution kept in a mechanical shaker overnight at 37oC. In the 
2nd day pH adjustment was made by adding 1 M HCL slowly to the mixture 
until pH equal to 7.35 using pH meter (Oakton Instruments, Nijkerk, 
Netherlands).  
SBF contains electrolytes which have concentrations similar to that of human 
blood plasma. SBF was prepared according to the Kokubo method (Kokubo 
et al., 1990) and ISO 23317. 2L of SBF was prepared by adding the chemical 
reagents sequentially to deionised water in a PE beaker. On the 2nd day, pH 
was adjusted with HCL until pH was equal to 7.25. Then on the 3rd day 
another amount of deionised water was added to produce 2L of SBF. Table 5 
shows chemical composition of SBF. 
               
               Table 5: Chemical composition of human blood plasma and (SBF) mM. 
 
75 mg of glass powder (particle size < 45μm) were dispersed in 50 ml of Tris- 
buffer or SBF in sealed plastic containers.  The sealed containers were 
placed in an orbital shaker at 37oC at an agitation rate of 60 rpm for desired 
time points. 
After taking the samples out from the shaker, the pH was measured and the 
solutions were filtered through medium porosity filter paper (5-13 μm particle 
retention, VWR International). Filter paper was dried at 37oC and the filtrate 
was kept at 4oC in a fridge.   
 
 
 
  
Ions Na+ K+ Ca2+ Mg2+ Cl- HCO3
- HPO4
2- SO4
2- 
Plasma 142.0 5.0 2.5 1.5 103.0 27.0 1.0 0.5 
SBF 142.0 5.0 2.5 1.5 147.8 4.2 1.0 0.5 
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3.11.2 Coated disks: 
 
Precipitation of apatite layer on the surface of glass coating was evaluated in 
Tris-buffer solution and simulated body fluid (SBF). Before immersion, the 
glass-coated disks were cleaned in acetone and ethanol. Depending on the 
surface area of the glass-coated disks, the disks were immersed in 7.85 ml 
Tris- buffer solution or SBF to the desired time points. The volume of SBF or 
Tris-buffer solution was calculated using the following equation (Kokubo and 
Takadama, 2006): 
                                                          Vs= Sa /10                           (9) 
Where Vs is the volume of solution (ml) and Sa is the apparent surface area 
of specimen (mm2). 
After taking the samples out from the incubator, the glass-coated disks were 
dried at 37oC and the filtrate was kept at 4oC in a fridge. 
 
3.11.3 Characterization of treated samples:   
3.11.3.1 Inductively coupled plasma-optical emission 
spectroscopy (ICP-OES): 
 
Filtered solutions from the powder and coated samples were quantitatively 
analysed by inductively coupled plasma-optical emission spectroscopy (ICP-
OES; Varian Vista-Pro, Varian Ltd., Oxford, UK). 
ICP-OES analysis was carried out according to specific time points for each 
glass series. In order to prevent precipitation of silica ions during ICP 
analysis, 3% nitric acid was added to filtered solutions. SBF samples were 
diluted 1:20 (powder samples) and 1:10 (coated samples) distilled water and 
3% nitric acid.  
 
3.11.3.2 Fluoride-selective electrode: 
 
Fluoride release in Tris-solution and SBF was measured using a fluoride-
selective electrode (Orion 9609BNWP with Orion pH/ISE meter 720, 
Waltham, MA, USA). Calibration was performed using standard solutions 
prepared from Tris-solution and SBF to account for ionic strength. 
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3.11.3.3 X-ray diffraction and Fourier transform infra-red  
spectroscopy: 
 
The dried glass powder and coated disks before and after immersion in Tris-
solution and SBF were analysed using X-ray diffraction (XRD) and Fourier 
transforms infrared spectroscopy (FTIR). Comparison of XRD and FTIR of 
treated samples in Tris-solution and SBF and initial samples were performed. 
This is to detect any structural changes that occur after immersion in 
biological solutions.  
 
   3.11.3.3 Scanning electron microscopy (SEM-EDS): 
 
The topography, fusibility and adherence of the fabricated glass/composites 
coatings to commercially pure titanium before and after immersion in Tris-
buffer and SBF were evaluated using calibrated scanning electron 
microscopy with associated energy dispersive spectroscopy analysis (SEM-
EDS) (Oxford instrument, FEI- Netherland). The specimen was mounted by 
using a conductive carbon cement (LEIT-C nach Gocke-Germany) to check 
the characteristics of the surface coatings. In order to evaluate the interface 
between the glass and the metal substrate the fabrication was mounted in an 
epoxy resin(Epofix -Denmark) followed by grinding the interface by using 
1200 SiC grit paper (Silicon carbide grinding papers) and polishing it with 
diamond paste-1µm (Diamond suspension and lubrication one-DiaDuo). 
Backscattered and Line scans were performed for each sample interface with 
SEM-EDS.   
 
3.12 Cell culture studies: 
 
UMR-106 osteoblast-like cells (ATCC, CRL-1661) derived from a rat 
osteosarcoma passage number 16 were cultured in T75 plastic flasks in an 
incubator at 37 ºC and 5% CO2 atmosphere. The cells were grown in 
Delbecco modified Eagle’s medium (DMEM) supplemented with 2% fetal calf 
serum (FCS) and 1% antibiotic (penicillin and streptomycin) and L- 
glutamine. The cells were passaged every 3-4 days. In all experiments cells 
were plated at an initial density of 20,000 cells/mL.  
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Normal primary human oral fibroblasts passage number 18 (derived from 
gingival connective tissue) was grown under the same conditions as UMR-
106 osteoblast like-cells. 
  
3.12.1 Cell spreading and morphology: 
 
Cellular behaviour of UMR-106 on coated titanium disks was studied using 
SEM. The coated titanium disks were sterilized in an oven for 1 hour at 160 
ºC.  Cells were seeded at a density of 20x103 cells /mL onto a glass coated 
titanium disk. As a control substrate for cell attachment and growing, cells 
were plated directly on pure titanium disk.  At day 5, cells were rinsed with 
PBS and then fixed with 2% glutaraldehyde for 2 hours. Then, the cells were 
dehydrated through a graded series of ethanol from 30%, 50%, 70%, 90%, 
100%. Then, the cells were kept in 100% ethanol and stored at 4ºC until 
used.  Before scanning, the cells were soaked in hexamethyldisilazane 
(HMDS) for 5 min. After rinsing in HMDS, samples were allowed to 
evaporate. Dried samples were sputter coated with gold and examined with a 
scanning electron microscopy at 10 kV accelerating voltage. 
 
3.12.2 Mineralization assay: 
 
UMR-106 a rat osteoblastic cell line was seeded on titanium disks as 
described in cell attachment assay. The cells were left in DMEM to grow until 
confluent. Then, DMEM media was replaced with calcification medium 
containing 50 mg/ml ascorbic acid and 10mM ß-glycerophosphate .The 
calcification medium was replaced every 4-5 days for one month. Samples 
were run in triplicate and compared with uncoated titanium disks as controls.    
Then the seeded disks were washed twice with PBS and fixed using 2 ml 
formaldehyde for 30 min. After fixation the disks washed again with PBS and 
2 ml alizarin red stain added per well. Then after 150 min., the stained disks 
were transferred to another well-plate, washed with PBS and dried prior to 
examination under reflected light microscopy for detection of mineralized 
nodules. 
 
3.12.3 Qualitative assay of ALP activity: 
  
The alkaline phosphatase production was assessed after 12 days incubation 
of UMR-106 cells by a BCIP-NBT assay. This assay is based on a 
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chromogenic reaction initiated by the cleavage of the phosphate group of 
BCIP (5-bromo-4-cloro-3-indolilfosfate P-toluidine) by alkaline phosphatase 
present in cells. This reaction produces a proton which reduces NBT 
(Nitroblue tetrazolium cloridic) to an insoluble purple precipitate. The 
supernatant of each well was sucked out and the cells were washed twice 
with PBS. Then, 2 ml of a staining solution (consisting of 200µl of BCIP/NBT 
and 10ml incubating solution (0.1M Tris-HCl, pH 9.5(20oC), 0.1 M NaCl and 
0.05 M MgCl2) was added to each well-plate containing cells. After 30 min. of 
incubation, the cells were observed by optical microscopy to detect the 
insoluble purple precipitates. These precipitates indicate the ability of each 
cell to produce ALP.    
 
3.12.4 Quantitative assay of ALP activity: 
 
The enzymatic activity of alkaline phosphatase was measured after 6, 12 and 
18 days. The cells on the bioactive glass coating disks were washed twice 
with phosphate-buffered saline (PBS); and placed in 2 ml reactive mixture (8 
ml Tris- buffer solution, 15 µl MgCl2 and 20 mg n-Nitrophenol diphosphate 
sodium, pH = 9.5 at 25oC)(all reagents from Sigma-Aldrich) for 30 minutes. 
Afterwards, the glass coated disks were removed from the wells and the 
intensity of the yellow colour produced was quantified by measuring the 
absorbance spectra at 405 nm. For each glass and composite coating, six 
samples were assessed under the same conditions. In order to obtain a 
reference (control), for each test plate three control measurements containing 
only reaction mixture were carried out. References (controls) values were 
subtracted from the sample absorbance spectra in order to obtain standard 
and comparable results. 
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  4. MgO series 
   4.1 Results- MgO series 
    4.1.1 X-ray diffraction (XRD): 
 
XRD was used to confirm that the prepared glasses were amorphous and not 
crystalline. All the glasses of the MgO series exhibited broad halos, which is 
the typical feature of an amorphous structure, when examined using XRD 
analysis. Figure 17 confirms the absence of sharp peaks, which indicates 
that all the glasses prepared during the course of this work did not contain 
crystalline phases. These glasses appeared homogenous and transperent 
optically. This indicates that these glasses have not undergone phase 
separation, or any phase separation is at the submicron level (below the light 
scattering dimension). 
 
     Figure 17: XRD patterns of MgO glasses with different MgO concentrations (mol%). 
           
        
    4.1.2 DSC of glass powder: 
 
   4.1.2.1 Effect of MgO on glass transition temperature (Tg): 
 
Figure 18 demonstrates the influence of MgO on the glass transition 
temperature. It can be observed that the glass transition temperature 
decreases with MgO content.  
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        Figure 18: Effect of MgO on glass transition temperature.   
                     
 
   4.1.2.2 Effect of MgO on crystallization temperature (Tp): 
 
Figure 19 shows the effect of MgO on crystallization temperature. In general, 
Tp shifted towards higher temperature with MgO content.  
 
 
 
 
 
 
 
 
 
 
 
 
 
                        Figure 19: Effect of MgO on peak crystallization temperature (Tp).  
                                  
 
   4.1.2.3 Effect of different heating rates: 
  
Figure 20 depicts the effect of different heating rates on peak crystallization. 
It can be seen that by increasing the heating rate the peak crystallization 
moves toward higher temperature and its height increases.  
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Based on the data obtained from running DSC samples at different heating 
rates (5, 10, 20, 30 and 40)oC min.-1, the activation energy for onset of 
crystallization can be obtained by using the modified Kissinger or Matusita 
expression: 
                                       ln(αn/Tp
2)=-(mEa /RTp)                 (10) 
Where α is the heating rate, Tp is the peak crystallization temperature, Ea is 
the activation energy, R is the gas constant (8.314 JK-1mol-1), n and m are 
constants determined by the nucleation mechanism of crystal phase.  
The mechanism of nucleation and crystal growth can be determined from 
Avrami constant (n). This constant can be calculated according to the 
equation (Likitvanichkul and Lacourse, 1998; Ray et al., 1996): 
                                         n=2.5RTp
2 / FWHME               (11) 
Where FWHM is the Full Width at Half Maximum of the peak and E is the 
activation energy. Ray et al., 1996 postulated that the value of n which is 
close to 1 , is consistent with surface growth, those close to 3 is consistent 
with bulk crystallization; whereas those values in between 1 and 3 , indicate 
occurrence of  both surface and bulk crystallization.  
 
               
 
 
 
 
                  
 
 
 
 
 
 
 
Figure 20: Effect of different heating rates on peak crystallization-QM10(18 mol%). 
 
However, it can be seen that modified Kissinger method introduces terms 
which require a prior knowledge of the nucleation mechanism of the crystal 
phase. According to (Arstila et al., 2005; Arstila et al., 2007) the dominant 
mechanism of crystal nucleation and growth in bioactive glasses is surface 
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1. Therefore, the Marotta method can be applied to obtain the activation 
energy for peak crystallization, since it assumed that the m and n 
parameters, which are characteristic of various crystallization mechanisms, 
are equal to one (n=m=1) in case of surface crystallization (Na et al., 2009). 
The basis of (Marotta et al., 1981) method is shown in equation (12): 
                                         ln(β)= Ea/RTp+C                             (12) 
Where β is the reciprocal of the heating rate, Ea is the activation energy of 
the process, Tp is the crystallization peak temperature, R the universal gas 
constant (8.314 JK-1mol-1), and C is a constant. 
Nevertheless, it is worth noting that the Avrami constant can be calculated 
from a single exothermic peak according to equation 12 (Augis and Bennett, 
1978).  
The data at different heating rates were analysed and by plotting ln(β) 
against 1/Tp for different heating rates, the activation energy can be 
calculated from slope of the line depicted in  Figures 21. The (m) in the slope 
of the line of the best fit (y=mx+c) is equal to Ea/R and was used to calculate 
the activation energy for the onset temperature for crystallization, the peak 
crystallization temperature and the glass transition temperature, which is 
usually correlates with that of viscous flow. 
The values of the activation energy for viscous flow are crucial, as they give a 
measure of the ability of the glass to flow during sintering. The lower these 
values the easier the glass will be expected to undergo viscous flow 
sintering. On the other hand, the activation energy for the onset temperature 
of crystallization gives a measure of the energy required to overcome the 
barrier for crystallization, and a high value is preferred. 
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Figure 21: Ea plot (activation energy for Tg and Tpcon -QM5- 7.8 mol%). 
                                                              
The activation energy plots were extrapolated to ln(β)=0 (i.e. the Y-axis 
intercept), corresponding to a heating rate of 1 K/min, to obtain values for the 
glass transition temperature and the onset temperature for crystallization at a 
heating rate of 1 K/min. These values are important because during the 
isothermal sintering temperature the heating rate is equal to 0 K/min, hence 
they can be used to select the most appropriate sintering temperatures 
during coating process. 
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4.1.2.4 Extrapolated values at thermal and isothermal 
conditions: 
 
Table 6 shows the extrapolated values obtained from running different 
heating rates namely 5, 10, 20, 30, and 40oC/min. and compares the values 
of MgO glass series with 45S5, ICIE16 and QM4 glasses. The 45S5 
composition is the most common bioactive glass. Table 7 shows the 
chemical composition of 45S5 and ICIE16 glasses. The composition of QM4 
glass is similar to that of the MgO glass series except that this glass does not 
contain MgO. In other words, this table compares multi-component and 
ternary and quaternary glasses. 
 
         Table 6: Thermal analysis of MgO glasses compared with 45S5 and ICIE glasses. 
 
 
 
Glass SiO
2
 P
2
O
5
 CaO Na
2
O K
2
O 
45S5 46.10 2.60 26.90 24.40 0.00 
ICIE16 49.46 1.07 36.27 6.60 6.60 
                           
                  Table 7: Chemical composition of 45S5 and ICIE16 glasses (mol%). 
 
 
           
Thermal 
Analysis 
45S5 ICIE16 
QM4 
(0%) 
QM5 
(7.8%) 
QM9 
(9%) 
QM7 
(11%) 
QM8 
(14%) 
QM6 
(16.8%) 
QM10 
(18%) 
QM11 
(20%) 
Ea onset 
Tpcon 
kJ/mol 
405 329 444 537 426 495 470 409 338 339 
Ea peak 
Tp kJ/mol 
404 286 410 282 336 329 283 281 264 280 
Ea Tg    
kJ/mol 
718 806 1423 1807 368 615 503 2171 799 1206 
Tg 0(◦C) 523 601 656 640 578 611 584 628 606 623 
Tpcon 0(°C) 618 720 791 823 815 829 815 804 806 809 
Tp 0(°C) 697 750 803 811 822 830 813 806 815 817 
Tpcon – Tg 95 119 135 183 237 218 231 176 200 186 
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From this table, we can see that the values of activation energy for onset of 
crystallization of all the glasses are higher than 45S5 and ICEI16 glass. 
However, the activation energy for the onset of crystallization of QM10 (18 
mol%) and QM11 (20 mol%) is lower than that of 45S5. By contrast, the 
value for the QM4 glass is fairly close or slightly higher than some of the 
glass series QM6(16.8 mol%), QM9(9 mol%), QM10(18 mol%) and QM11(20 
mol%). 
On the other hand, the activation energies for the onset of glass transition 
temperature were lower than that of the ternary and quaternary glass system. 
The other interesting feature of this table is that the glass transition 
temperature at 1K/min. of all glass series is higher than that of 45S5 glass. 
Similarly, the temperature for onset of peak crystallization of all glass series 
is higher than those of 45S5, ICIE16 and QM4 glasses. The influence of MgO 
on sintering window is very obvious, as all MgO glass series have larger 
sintering windows compared with the other glasses (45S5, ICIE16 and QM4). 
 
   4.1.2.5 Effect of particle size on peak crystallization: 
 
In order to study the effect of different particle size on the crystallization 
peaks, particle sizes of less and more than 45μm were investigated 
separately. Figure 22 shows an example of the effect of particle size of QM8 
(14 mol%) glass on peak crystallization.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 22: Effect of particle sizes on peak crystallization temperature (Tp)-QM9 (9 
mol%).                                   
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As can be observed that the peak crystallization temperature moved with 
particle size and occurred at higher temperature. This movement of peak 
crystallization indicates that the glass underwent surface crystallization. 
Figure 23 shows an example of surface crystallization in bioactive glasses.    
Figure 24 demonstrates the effect of particle size on peak crystallization of 
the glass series. It can be seen that the peak crystallization temperature 
increased with particle size for all the glass series apart from QM4(0 mol%). 
However, the effect of particle size on peak crystallization in this glass series 
is not clearly visible.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 23: Surface crystallization. Taken from (Arstila et al., 2008). 
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  Figure 24: Effect of particle size on peak crystallization temperature of MgO glasses.  
              
 
    4.1.3 Dilatometry analysis: 
4.1.3.1 Glass transition temperature (Tg): 
 
Figure 25 shows the relation between the glass transition temperature 
obtained from dilatometry and magnesium content in the glass composition. 
Although this figure shows some scattering of the points around the line of 
the best fit, the general trend indicates that on increasing magnesium content 
in the glass composition, the glass transition temperature decreases.  
 
 
 
 
 
 
 
 
 
                       
                     
 
Figure 25: Effect of MgO on glass transition temperature () and softening point ().   
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                 Figure 26: Effect of MgO on Tg obtained from dilatometry () and DSC ().  
                                               
Figure 26 compares the glass transition temperature obtained from DSC and 
dilatometry. It is very clear that the trend of Tg obtained from dilatometry is 
consistent with that of DSC, as both decrease with MgO content.  However, 
the DSC values are higher than that of Dilatomatry.  
 
   4.1.3.2 Softening temperature (Ts):  
 
Figure 25 shows the relationship between softening point and magnesium                                                                                                                                                                                                                                                                                   
content in the glass composition. This relationship is identical to that of the 
glass transition temperature. As magnesium content increases, softening 
point decreases.  
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
   4.1.3.3 Thermal expansion coefficient (TEC): 
 
Figure 27 illustrates the effect of MgO on the TEC of silicate glasses. An 
inverse relationship is seen between MgO content and TEC. 
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Figure 27: Effect of MgO concentration on experimental TEC measured at (100-500
o
C).  
                                 
Figure 28 shows the measured TEC between 100-500oC and calculated TEC 
according to Appen factors. It is obvious that both sets of values are parallel 
and fairly close to each other. The Appen factor is an empirical factor 
obtained from different glasses based on soda-lime-silicate glasses. The 
glasses prepared during this study are multi-component composition, which 
might explain the differences between experimental and calculated values. 
The following equation is used to calculate TEC: 
 
                                            TEC= Σ(AF)i Ci               (13)  
Where AF is the appen factor and Ci is the mole percent of oxide in the 
glass.  
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Figure 28: Calculated () and experimental () TEC as a function of MgO content.  
          
 
Table 8 shows TEC of the glasses produced in this study and the TEC of 
45S5 and Tomsia’s glass 6P57. It can be clearly seen that TEC of the 
glasses produced in this study are lower than that of 45S5 glass and slightly 
higher than that of 6P57 glass.  
 
Glass 
Calculated 
X10
-6
 /
o
C 
Experimental 
X10
-6
 /
o
C 
45S5 15.2 15.1 
6P57 10.4 10.8 
QM4 (0) 10.6 12.6 
QM5 (7.8) 10.1 11.6 
QM9 (9) 10.0 11.6 
QM7 (11) 9.9 11.5 
QM8 (14) 9.6 11.4 
QM6 (16.8) 9.5 11.1 
QM10 (18) 9.4 11.4 
QM11 (20) 9.3 11.3 
 
  Table 8: TEC of MgO glass series compared with Tomsia’s (6P57) and 45S5 glasses. 
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   4.1.4 Structure of MgO glass series: 
   4.1.4.1 Bulk glass density: 
 
Figure 29 highlights the relation between MgO content and glass density. In 
MgO glass series partial substitution of MgO for CaO has been done. As was 
expected the density of glasses decreased with increasing magnesium 
content.  
 
 
 
 
 
 
 
 
 
 
 
 
 
            Figure 29: Effect of substituted MgO on bulk density of MgO glass series.  
 
            
  
 
    4.1.4.2 Oxygen density: 
 
Oxygen density is the parameter used to measure the compactness of the 
glass structure. Figure 30 represents the effect of MgO on oxygen density. It 
is clear that oxygen density increases with MgO content. Similar effect of 
MgO content on oxygen density of glasses containing different alkali oxide 
concentration was observed as shown in Figure 31.  
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                      Figure 30: Effect of substituted MgO on oxygen density of MgO glasses.  
 
 
 
                 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 31: Effect of MgO content on oxygen density of Watts (-high Na series and Δ 
-low Na series), Kwon () and MgO glasses (●). 
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The ability of the MgO glass series to form apatite in vitro has been 
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comprised the following time points: 3 days, 1 week, 3 weeks and 1 month. 
This is to evaluate the effect of different MgO concentration on apatite 
nucleation and growth in SBF. 
 
   4.1.5.1Tris-Buffer study/ 2 weeks, 1 month: 
   4.1.5.1.1 pH changes: 
 
Figure 32 represents pH variation of Tris-buffer solution with immersion time.  
It can be observed that the pH value of Tris-buffer solution increases with 
time. It increases from initial pH value (7.35) to 7.8 and the most appreciable 
increase was observed for QM8 (14 mol%), QM10 (18 mol%) and QM11 (20 
mol%), where the pH rises to more than 7.8. 
The pH changes of Tris-buffer solution as a function of MgO content has 
been studied as well. In general, there is no significant increase of pH, as it 
increased with very narrow range from 7.75 to 7.81. 
 
 
 
                                            
 
 
 
 
 
 
 
 
 
Figure 32: pH variation of Tris-buffer solution with time after 2-weeks 
immersion. 
The trend of pH variation after 1 month (not shown) is similar to that after 2 
weeks soaking in Tris-buffer solution. The pH value increased gradually with 
time and reached the highest value after 1 week which is between 7.67-7.76. 
After this, it remained almost steady during the second week. Following that, 
it increased again to reach the final value which is between (7.9 -8.1).  
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    4.1.5.1.2 ICP-OES analysis:  
A- Two weeks study: 
The effect of MgO content on ionic dissolution of MgO glass series was 
studied. In order to eliminate the effect of glass composition on ionic 
dissolution of Ca2+, P, Mg2+ and Si, the normalised values were calculated of 
these ions assuming that 100% of the glass dissolved in 50 ml of Tris-buffer 
solution. The normalised values of Si, Ca2+, P and Mg2+ obtained by dividing 
the concentration determined by ICP by the values shown in Table 9. 
Figure 33A reveals that the release of calcium from glass structure is 
inversely proportional with MgO concentration.  
 
 
 
 
 
 
 
 
            
 
 
 
Figure 33A: Ionic dissolution of MgO glasses in Tris-buffer as a function of MgO 
content/ 2 weeks. 
 
 
  
 
 
 
Table 9: Calculated values of Ca, Mg, P,Si of MgO glasses assuming that 100% of 
glasses dissolved in Tris-buffer solution. (Vaules: p.p.m.). 
Glass Ca Mg P Si 
QM5(7.8) 675 58 124 467 
QM9(9) 658 68 126 471 
QM7(11) 631 84 127 477 
QM8(14) 586 110 131 489 
QM6(16.8) 543 135 133 499 
QM10(18) 525 145 135 505 
QM11(20) 492 164 137 513 
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Figure 33B: Ionic dissolution of MgO glasses in Tris-buffer solution based on 
normalised values-2 weeks. 
 
    
However, Table 9 and Figure 33B shows the normalised values and indicates 
that there is no change in the trend of calcium released from glasses. The 
profile of magnesium is different from calcium. It can be seen that there is a 
proportional relationship between the amount of magnesium released and 
the MgO content. The actual ICP trend of P corresponds to a slight increase 
with MgO content. In addition, the normalised values depict that the 
concentration of P increases slightly then levels off.  
The profile of Si dissolution showed that Si almost reached its saturation level 
(60 mg/L) after 2 weeks immersion in Tris-buffer solution. Normalised values 
of this ion showed similar trend to the actual ICP values.  
Zinc is one of the interesting elements as it shares some physical and 
chemical properties with magnesium. The concentration of ZnO was kept 
constant (3.13 mol %) for all the glasses. In general, ICP results indicate that 
the amount of Zn released from the glasses is negligible.  
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B- 1 month study: 
Figure 34A demonstrates the ionic dissolution of the MgO glass series after 1 
month immersion in Tris-buffer solution. In general, the ionic dissolution of 
this series after 1 month immersion is similar to that after 2-weeks study. 
However, the concentration of the Ca2+, P and Mg2+ is less compared to that 
released after 2-weeks study. This figure also shows that Si concentration 
reached its solubility level. Though, a slight decrease has been noted with 
MgO content.  
 
 
 
 
 
 
 
         
 
 
 
 
 
 
Figure 34A: Ionic dissolution of MgO glasses as a function of MgO content in Tris-
buffer solution-1 month. 
           
Figure 34B depicts the ionic extraction of this series in Tris-buffer solution 
using normalised values. The profile of Ca2+, did not show any change along 
the glass series, which means that all glasses released a similar Ca2+ fraction 
in Tris-buffer solution. The trend of Si did not change and indicates that Si 
reached its saturation level. The normalised values of Mg showed that the 
concentration of Mg2+ decreases with MgO concentration. The profile of P is 
similar to that observed after 2 weeks study; the concentration of this ion 
increases slightly then levels off along the glass series. 
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Figure 34B: Ionic dissolution of MgO glasses in Tris-buffer solution based on 
normalised values- 1 month. 
 
The profile of ionic dissolution as a function of soaking time indicates that the 
dissolution rate of (Ca2+, Mg2+, P and Si) increased after two weeks 
immersion in Tris-solution, as described in Figure 35. However, the 
concentration of these ions decreased with time except silica, where its 
concentration remained constant at 60 mg/L. The figure of Si for QM8 (14 
mol%) glass might be associated with technical errors during ICP analysis. 
The trend of magnesium is similar to that of calcium and phosphate ions. It 
tends to decrease after 1 month immersion.  
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Figure 35: Ionic dissolution of Ca, P, Mg and Si in Tris-buffer solution with 
immersion time. 
 
 
  4.1.5.1.3 XRD: 
 
XRD analyses after 2 weeks immersion in Tris-Buffer solution indicated that 
no peaks of apatite could be detected for all the glasses. However, the 
amorphous scattering of all glasses shifted slightly to higher 2θo.  
XRD analyses after 1 month immersion in Tris-buffer solution is not very 
different from that after 2 weeks study. The amorphous halo shifted to higher 
2θo of all glass series and there was no diffraction peaks indicating apatite 
deposition. Figure 36A shows XRD patterns of QM8 (14 mol%) as an 
example of this series.  
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Figure 36A: XRD patterns of QM8 (14 mol%) before and after immersion in Tris-buffer. 
                    
 
    4.1.5.1.4 FTIR:  
 
FTIR absorbance spectra of all the investigated glasses showed some 
differences in comparison to the spectra of their parent glasses. In general, 
FTIR spectra of all glasses after 2 weeks immersion in Tris-buffer solution did 
not exhibit a clear evidence of two split peaks at 600-550 cm-1, which 
correspond to P-O bending vibration of PO4
3- tetrahedron (Rey et al., 1996; 
Kim et al., 1995). Instead, a broad hump was observed at 600-550 cm-1, 
which might relate to the precursor of HCA in the form of amorphous calcium 
phosphate layer (Oonishi et al., 2000; Pereira et al., 1995; Stoch et al., 
1999).  
Furthermore, the primary broad peak at 1020-930 cm-1, which is associated 
with Si-NBO (Stoch and Sroda, 1999), disappeared and was replaced by 
single peak at 1030 cm-1. This new peak pertaining to Si-O-Si vibration and 
indicates a hydrated silica-gel layer formed (Cerruti and Morterra, 2004). 
FTIR absorbance spectra after 1 month immersion in Tris-buffer solution is 
similar to that after 2 weeks study. Figure 36B shows FTIR spectra of QM8 
(14 mol%) as an example of this series.  
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Figure 36B: FTIR spectrum of QM8 (14 mol%) before and after immersion in Tris-
buffer. 
 
    4.1.5.2 SBF studies:  3 days, 1 week, 2 weeks & 1 month  
 
The glasses of this series have been categorized into three groups according 
to MgO content with different time points. Each group contains high, medium 
and low MgO concentration. (QM4 0%) was added for each group to clarify 
the effect of MgO. The first group comprises QM11 (20 mol%) and QM8 (14 
mol%), this group was studied after 3 days immersion in SBF. The second 
group includes QM6 (16.8 mol%), QM7 (11 mol%), and QM5 (7.8 mol%), the 
glasses of this group were soaked for 1 week in SBF. The last group consists 
of QM10 (18 mol%) and QM9 (9 mol%) glasses, the dissolution of these 
glasses was studied after 2 weeks immersion in SBF. 
The dissolution behaviour of the MgO glass series has also been studied 
after 1 month immersion in SBF. This study included all MgO glass series , 
QM4(MgO 0 mol%) was excluded in this study,  as this glass exhibited Ca-P 
apatite like structure in XRD and FTIR after 1 and 2 weeks immersion in 
SBF. 
 
     4.1.5.2.1 pH changes: 
 
Details of dissolution behaviour have been studied by measuring pH 
variations during different time points. pH changes as a function of MgO 
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
52010201520
A
b
s
o
rb
a
n
c
e
 (
a
.u
.)
 
Wavenumber cm-1 
B 
 
Initial 
 
Tris- 2 wks 
 
Tris- 1 M 
 
       
123 
 
content was insignificant at all three time points , as the range of variation 
was 0.1-0.3.   
Three days study showed that QM8 (14 mol%) glass has the second highest 
value after QM4(0%) glass, whereas QM11(20%) glass has the lowest pH 
value. In the second group, the solution contains QM7(11 mol%) glass has 
the highest alkalinity among other solutions which contain glasses with 
different MgO content.  After 2 weeks immersion in SBF, the second highest 
value was assigned to QM9 (9 mol%) glass at the expense of QM10(18 
mol%) glass.  
 
 
 
 
 
 
 
 
 
                                 
 
 
 
Figure 37: pH variation of SBF with time after 2-weeks immersion. 
          
In order to compare the pH variation of Tris-buffer solution with SBF, glasses 
were immersed in SBF for 2-weeks and pH variations were recorded. Figure 
37 demonstrates pH variation of SBF as a function of time after 2-weeks 
study. It can clearly be observed that the alkalinity of SBF increased 
appreciably and noticeably and then levels off. Notably, the maximum pH 
value of SBF was 8.1; whereas the highest pH value of Tris-buffer solution 
was 7.8.  
The 1 month study showed that pH value increases gradually with time. It 
reaches the highest value following initial pH after 1 week immersion, which 
is between (7.75-7.81). Then after slight fluctuation, pH value reaches the 
final value, which is between (8-8.3) after 4 weeks immersion in SBF. The 
highest pH value was assigned to QM8 (14 mol%), whereas QM9(9 mol%) 
has the lowest value among other glasses (8.26 and 8.0, respectively).  
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    4.1.5.2.2 ICP-OES analysis: 
A- 3 days, 1 week, 2 weeks: 
Figure 38A demonstrates the ionic dissolution of the MgO glass series as a 
function of MgO content after 3 days immersion in SBF. It can be seen that 
the concentration of calcium and P decreases with MgO content. In contrast, 
the measured amount of Mg increases in SBF after 3 days immersion. The 
profile of Si, indicates that the concentration of Si increases with MgO 
content. However, it can be noted that Si did not reach its solubility limit after 
3 days immersion in SBF.  
 
 
 
 
 
 
 
 
 
   
                                                                      
 
       
Figure 38A: Ionic dissolution with MgO content after 3 days immersion in SBF. 
 
Figure 38B shows ionic dissolution of MgO glass series after 1 week 
immersion in SBF. The ionic profile of Ca2+, Mg2+ and Si is similar to that 
seen after 3 days immersion in SBF. However, it can be seen that Si reached 
its solubility level (60 mg/L) (Brauer et al., 2010) after 7 days immersion. The 
profile of P shows an increase with MgO content.  
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Figure 38B:  Ionic dissolution with MgO content after 7 days immersion in SBF. 
                                                           
 
 
                             
 
 
 
 
                        
 
 
 
 
 
Figure 38C: Ionic dissolution with MgO content after 14 days immersion in SBF. 
 
Figure 38C describes the ionic dissolution of the MgO glass series after 2 
weeks immersion in SBF. In general, the trends of Ca2+, Mg2+, P and Si are 
similar to that observed after 7-days immersion. Nonetheless, the 
concentration of P released from glasses is higher than that after 7-days 
immersion. This indicates that the ionic dissolution is time dependent 
process. 
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B- 1 month study: 
The ICP analysis after 1 month immersion in SBF revealed that the 
concentration of the elements, which have an influence on apatite formation, 
namely (Ca, P and Si) is similar to that found in Tris- buffer solution, as 
shown in Figure 39. This despite the composition of SBF being different from 
Tris-buffer solution, as it contains elements similar to that found in blood 
plasma. However, SBF is different from blood plasma as it is acellular and 
protein-free solution. The ICP analysis shows that the concentration of zinc in 
SBF was zero; this result is similar to that found after 3, 7 and 14 days 
studies.  
 
 
 
 
 
 
 
 
 
 
 
 
               Figure 39: Ionic dissolution of MgO glasses after 1 month immersion in SBF. 
             
 
   4.1.5.2.3 Ionic dissolution with time: 
 
The ionic dissolution after 3 and 30 days indicated that the initial dissolution 
rates of Ca2+ are high then decrease with time. A similar trend was observed 
for Mg concentration with higher dissolution rates assigned to QM11 (20 
mol%) compared to QM8 (14 mol%). This finding was expected as this glass 
contains a high MgO content compared with a low MgO content glass. The 
initial dissolution rate of P decreases with the immersion time; whereas that 
of Si increases continuously.  
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Figure 40: Ionic dissolution of MgO glasses in SBF with time 1-week. (QM5-7.8 mol%) 
(QM7-11 mol%) (QM6-16.8 mol%). 
 
Figure 40 shows the ionic dissolution of MgO glasses after 7 and 30 days 
immersion in SBF, as an example of ionic dissolution of this series. In 
general, the trends of Ca2+ and Mg2+ are similar to that observed after 3 and 
30 days immersion in SBF. The highest Mg concentration in this group is 
assigned to QM6 (16.8 mol%) and it decreases with MgO content. The P 
profile indicates that the concentration of this ion decreases with time.  
The ionic dissolution of Ca2+ and Mg2+ after 14 and 30 days immersion are 
similar to that seen after 7 and 30 days immersion. The dissolution rate of Ca 
is higher for QM9 (9 mol%) glass compared to high MgO content (18 mol%) 
glass. However, the Mg trend shows that the dissolution rate of QM10 (18 
mol%) is higher than QM9 (9%). This result was expected as QM10 glass 
contains higher MgO content with regard to QM9 glass. Interestingly, the 
trend of Mg showed that this ion released initially at high rate then decreases 
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dramatically with time.  The profile of P, on the other hand, corresponds to a 
decrease with time with higher extraction rates assigned to QM10 (18%). The 
initial extraction rate of Si was fast then remains almost constant with time 
and shows that the QM10 (18%) has a higher extraction rate compared with 
QM9 (9%).  
 
   4.1.5.2.4 XRD: 
 
XRD analysis of all glasses included in the 3 days study indicated that the 
glasses underwent structural modifications. This is indicative from shifting of 
amorphous scattering towards higher 2θo.  In addition, the amorphous halo 
becomes broader after immersion in SBF, which might be attributed either to 
nano-crystal formation or small quantity of apatite crystals. Figure 41 shows 
XRD of QM8 (14 mol%) before and after immersion in SBF, as an example of 
this series. It can be seen that the intensity increases in the range from 15-
25o (2θ).  
 
 
 
 
 
 
 
 
 
 
         
Figure 41: XRD patterns of QM8 (14 mol%)  before and after immersion in SBF. 
                            
XRD analysis of the three glasses after 1 week immersion in SBF is similar to 
that after 3 days immersion.  
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Figure 42: XRD patterns of QM9 (9 mol%) before and after immersion in SBF. 
                             
After 2 weeks soaking in SBF, XRD analysis showed that the glass with high 
MgO content QM10 (18 mol%) did not show any evidence of apatite 
formation. Whereas the glass with low MgO content QM9 (9 mol%) exhibited 
low intensity crystal peaks. Three sharp peaks at 25.2, 31.7 and 46o 2θ have 
been observed in XRD of this glass, which correspond to 210, 211 and 312 
apatite reflections (Ashok et al., 2003), as shown in Figure 42. Shifting of 
amorphous scattering has also been confirmed by comparing XRD plots of 
treated and untreated glass in SBF. 
After 1 month immersion in SBF, XRD analyses showed three crystal peaks 
at 25.9, 28 and 31.7 theta degrees. These peaks might be associated with 
apatite crystal phases. 
 
    4.1.5.2.5 FTIR: 
 
Figure 43 shows FTIR absorbance spectra of QM8 (14 mol%) before and 
after immersion in SBF, as an example of 3 days group. The difference is 
very clear as the main peak which is around 920 cm-1 and associated with 
NBO (Na+, Ca2+) disappeared and replaced with a single peak at 1030 cm-1. 
This peak is associated with silica-gel layer formation. However, FTIR 
spectra did not exhibit clearly two split peaks at 600-550 cm-1. 
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     Figure 43: FTIR spectra of QM8 (14 mol%)  before and after immersion in SBF.  
                                    
FTIR absorbance spectra of the three glasses after 1 week immersion in SBF 
are similar to that after 3 days immersion. After 2 weeks immersion, FTIR 
spectra of QM9 (9 mol %) glass confirmed that this glass was able to form 
Ca-P rich layer in SBF, as shown in Figure 44. This is evidenced from the 
presence of two separate peaks at 600-550 cm-1. However, this feature 
cannot be seen in FTIR spectra of QM10 (18 mol%). On the other hand, 
disappearance of the main peak at 920cm-1 and formation of single peak at 
1030 cm-1 has been seen in FTIR spectra of both glasses 
                            
                                
 
 
 
 
 
                                
 
 
 
 
                           
 
 Figure 44: FTIR spectra of QM9 (9 mol %) before and after immersion in SBF. 
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The XRD and FTIR analyses indicate that QM10 (18 mol%) underwent 
structural changes; however, it was unable to precipitate a Ca-P rich layer 
after 2 weeks immersion in SBF.  
After 1 month immersion, the FTIR spectra confirmed apatite precipitation as 
it exhibited two split peaks at 600-550 cm-1. In addition to that, the main broad 
peak at 920 cm-1 present in the spectra of initial glass disappeared and 
replaced with single peak at 1030 cm-1. This indicates the formation of alkali 
depleted silica-gel layer on glass surface.  
 
    4.1.6 Coating of MgO series 
 
Three glasses with low (7.8 mol %), medium (14 mol %) and high (20 mol %) 
MgO content were selected to fabricate coatings on pure titanium disks. This 
is to evaluate the effect of various magnesium concentrations on physical 
properties and biocompatibility of the coatings. These glass coatings were 
characterised using XRD, FTIR and SEM-EDS before and after immersion in 
biological solutions. The coating parameters (maximum temperature, heating 
rate and holding time) that have been used during coating fabrication were 
shown in Table 4. 
 
    4.1.6.1 Characterization of Initial glass coating: 
    4.1.6.1.1 XRD: 
 
The most obvious feature of the XRD analyses is that these coatings have 
features of both amorphous and crystal structures; an example is shown in 
Figure 45. The initial glass powder of this series did not exhibit any diffraction 
peaks. This feature indicates that these glasses have amorphous structure 
only. Moreover, these coatings exhibit a transparent appearance optically, as 
shown in Figure 46.  
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 Figure 45: XRD patterns of glass powder and coating QM8 (14 mol%) and HA.  
 
The amorphous structure is more dominant in QM11 (20 mol%) glass coating 
with a very low intensity of crystal peaks. In contrast, the structure of QM5 
(7.8 mol%) glass coating appeared more crystalline compared with QM11. 
XRD analysis of QM8 (14 mol%), in contrast, showed diffraction peaks and a 
more pronounced amorphous halo. This indicates that glass coatings with 
high MgO content have more resistance to crystallization compared to low 
MgO glasses.  
 
             
 
         
  
 
 
 
 
 
                       Figure 46: Optical views of QM8 (14 mol %) glass coating. 
 
 
 
0
500
1000
1500
2000
2500
3000
3500
10 20 30 40 50 60
In
te
n
s
it
y
 (
a
.u
.)
 
2 θ ° 
HA 
Coating 
Glass powder 
       
133 
 
    4.1.6.1.2 FTIR: 
 
The FTIR spectra of the three glass coatings were similar to the spectra of 
their parent glass powder, an example shown in Figure 47. Both spectra 
show a broad band at 1023-940 cm-1 with two peaks. The band has the most 
intense peak at 920-940 cm-1 associated with Si-O-2NBO i.e. Q2 species; 
whereas the band with lowest intensity at 1020 cm-1 can be assigned to Si-O-
1NBO i.e. Q3 species (Watts et al., 2010).  
However, the spectra of glass coatings showed low intensity single peak at 
565 cm-1. This peak might be associated with P-O bending vibration, which 
could be assigned to a Ca-P rich layer.  
                         
 
 
 
 
 
 
          
 
 
 
             
 
 
  
Figure 47: FTIR spectra of the initial glass powder and glass coating-QM8 (14 mol %). 
 
    4.1.6.1.3 Scanning electron microscopy (SEM-EDS): 
 
Polished cross sections of the coatings were examined by scanning electron 
microscopy with associated energy dispersive spectroscopy analysis (SEM-
EDS). Through this analysis the following topics were investigated: 
smoothness and cohesiveness of the surface, adhesion of the coating to the 
substrate, presence of cracks and residual porosity and thickness of the 
coating and the interface. 
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A- Coating surface: 
Figure 48 shows SEM image of the coating surface fabricated at 740 oC for 
30 min. As can be seen that the surface of the coating is smooth and 
cohesive and very few pores and cracks could be seen.  
 
 
 
                                                                                               
                            
 
 
 
 
 
 
 
 
 
 
Figure 48: SEM image of the coating surface-QM8 (14 mol%). C: (crack), D: (defective 
area), P: (pore). 
 
An elemental line scan has been performed along (QM8-14 mol%) coating 
surface. The result reveal that the coating surface was homogenous, since 
the concentration of glass elements remained constant throughout the line 
scan as can be seen in Figure 49.  
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Figure 49: SEM micrograph and associated line scan analysis across the coating 
surface-QM8(14 mol%). 
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B- Glass-metal interface: 
Figure 50 shows backscattered SEM images of the glass-metal interface of 
QM8(14 mol%) glass. The absence of crystallization, porosity and bubbles 
indicates that the viscous flow sintering was occured effeciently. The 
backscattered image of the interface reveals that the visible thickness of the 
glass coating is about 200 μm and the glass metal interface is roughly 3 μm. 
Figure 51 shows the line scan along the glass-metal interface. It can clearly 
be seen that some of glass elements diffuse from the glass towards the metal 
and titanium moved in the opposite direction.  
 
            
                                    
 
 
 
 
 
 
 
                                
 
 
 
 
        Figure 50: SEM micrograph of the glass-metal interface (IF)-(QM8-14%),G: (glass). 
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Figure 51: SEM micrograph and associated line scan analysis of the glass-metal 
interface (IF)-(QM8-14 mol%). 
 
     4.1.6.2 Glass- metal adhesion: 
 
Titanium disks after coating detachment were investigated using XRD to 
detect the Ti5Si3 layer at the glass-metal interface. The diffraction peaks seen 
in XRD patterns of detached samples were similar to that observed in pure 
titanium disk, as shown in Figure 52. However, a slight shift in the peak 
position has been observed in XRD analyses of detached coating disk.  
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Additionally, two peaks have been picked up by XRD at 27.32 and 39.2 two 
theta which might indicate presence of TiSi2 layer instead of Ti3Si5.  
 
 
 
 
 
 
 
 
 
 
   
 
Figure 52: XRD patterns of pure Ti disk and detached glass coating sample-QM8(14 
mol %). 
                             
The inner surface of the glass coating was investigated using XRD analyses 
to detect the presence of TiO2 layer. XRD analyses showed diffraction peaks 
at 31.3 and 42.6, 2θo, which could be associated with brookite phases. 
However, further investigation to quantify the TiO2 in the inner surface of the 
coating is essential, as it is thought that this layer might have influence on the 
glass-metal adhesion.   
The glass-metal bonding was evaluated using a simple qualitative scratching 
test and the result was promising.   
  
   
    4.1.6.3 Bioactivity tests of MgO glass coatings: 
 
The ability of MgO glass coatings to form apatite in Tris-buffer solution and 
simulated body fluid (SBF) has been studied after 1 month immersion in 
these solutions. 
 
    4.1.6.3.1 pH changes: 
 
The pH profile of Tris-buffer solution increases with time from 7.35, which is 
the initial pH of the solution to almost 7.5, as shown in Figure 53A. The glass 
with low MgO content (7.8 mol%) has the highest pH value; whereas the 
lowest pH value is associated with higher MgO (20 mol%) concentration.  
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Figure 53B demonstrates pH variation of SBF with the soaking time. The pH 
trend of SBF increases from the initial pH (7.35) to almost (7.8). It can be 
clearly seen that the pH variation in SBF is more pronounced compared to 
that of Tris-buffer solution.  
 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 53: pH variation of (A) Tris-buffer and (B) SBF with soaking time. 
 
 
   4.1.6.3.2 ICP-OES analysis:  
 
The quantitative analysis of the Ca2+, P, Si and Mg2+ ions after Tris-buffer 
solution and SBF immersion test are important to understand the kinetics of 
the surface reactions.  
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 A- Ion concentration in Tris-buffer solution:                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
Figure 54 describes the ionic dissolution of the glass coatings after 1 month 
immersion in Tris-buffer solution. It can be observed that the concentrations 
of calcium, phosphate and Si decrease significantly with MgO content.  
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 54: Ionic dissolution of glass coatings with MgO content in Tris-buffer 
solution.                       
                     
The concentration of Mg2+ released from glass, on the other hand, increases 
with MgO content.  
 
B- Ion concentration in SBF:                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
Figure 55 illustrates the ionic dissolution of glass coatings after 1 month 
immersion in SBF. It can be seen that the concentration of calcium and 
phosphorus decreases, whereas the amount of magnesium increases with 
MgO content. Among all the analysed glass coatings, the ionic dissolution of 
Si seems to remain steady and below the saturation level (60 mg/L).  
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       Figure 55: Ionic dissolution of glass coatings with MgO content in SBF. 
 
                      
    4.1.6.3.3 XRD: 
 
 XRD patterns of MgO coatings after immersion in Tris-buffer solution and 
SBF was similar to the initial coatings. However, the width of crystallization 
peaks increased after 1 month immersion compared with untreated coatings. 
Figure 56 shows XRD analyses of QM8 (14 mol%) glass coating before and 
after immersion as an example of this series. XRD also shows that the 
intensity at 15-25 theta degrees was increased after SBF immersion 
compared to the initial glass coatings.             
 
 
 
 
             
    
 
 
    
 
 
 
Figure 56: XRD patterns of QM8 (14 mol%) glass coating before and after immersion. 
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The other feature is that the amorphous halo still exists after 1 month 
immersion in both solutions. Nonetheless, the amorphous halo was more 
obvious after soaking in Tris-buffer solution than after SBF immersion.  
  
    4.1.6.3.4 FTIR: 
 
FTIR spectra after 1 month immersion in Tris-buffer solution showed that the 
glass coatings preserved the high frequency peak at 1023-940 cm-1 , which is 
assigned to Si-NBO stretching bands. In addition, the glass coatings 
containing less MgO (7.8 and 14 mol%) showed low intensity split  peaks at 
600-550 cm-1. The latter feature cannot be identified clearly in the spectra of 
the initial glass coating.  
In addition, the feature of two split peaks cannot be seen in the FTIR spectra 
of the glass with high MgO content (20 mol%). Instead, the spectra of this 
coating appeared similar to the initial glass coating. Figure 57 shows FTIR 
spectra of QM8 (14 mol%) glass coating before and after immersion.  
 
 
 
 
 
      
 
 
 
 
 
 
 
            Figure 57: FTIR spectra of QM8(14 mol%) before and after 1 month immersion. 
     
FTIR spectra of the glass coatings after 1 month immersion in SBF are fairly 
different from the spectra of the initial glass coatings. The main broad peak 
disappeared and replaced with single sharp peak at 1030 cm-1; and the 
presence of low intensity two separate peaks at 610-550 cm-1.. These 
modifications were particularly seen in the spectra of glass coatings 
containing (7.8 and 14 mol %) MgO. However, these changes are more 
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pronounced in the FTIR spectra of QM5 (7.8%) glass coating than 
QM8(14%) glass coating. The spectra of the glass coating having high (20 
mol%) MgO, on the other hand, showed a feature of single peak at 1030 cm-1 
with no evidence of two split peaks at 600-550 cm-1.  
 
   4.1.6.3.5 SEM-EDS of glass-metal interface: 
   4.1.6.3.5.1 Tris-buffer solution study: 
 
Line scan analysis of the glass coating interface after 1 month immersion in 
Tris-buffer solution was similar to the initial glass coating, as shown in Figure 
58. This indicates that Ca-P rich layer did not form after soaking in this 
solution.     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 58: Backscattered and associated line scan across the glass-metal interface 
after immersion in Tris-buffer solution- QM8(14 mol%). 
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    4.1.6.3.5.2 SBF study: 
 
Figure 59 demonstrates the glass coating interface before and after 1 month 
immersion in SBF. It can be seen that a layer of 6-9 µm in thickness formed 
after 1 month immersion in SBF. Line scan analysis of this layer revealed that 
it consists mainly of Ca2+ and P, which is in accordance with Ca-P rich layer 
as can be seen in Figure 60.   
 
 
Figure 59: Backscattered images of glass-metal interface before (A) and after (B) 
immersion in SBF. 
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Figure 60: Backscattered and associated line scan across the glass-metal interface 
after 1 month immersion in SBF showing Ca-P rich layer. 
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   4.2 Discussion-MgO series 
    4.2.1 DSC of glass powder: 
   4.2.1.1 Effect of MgO on glass transition temperature (Tg): 
 
Recently, it has been found that a fraction of magnesium can participate in 
the silicate network and form MgO4 tetrahedra (Shemoda et al., 2007; 
Kroeker and Stebbins, 2000). The bond strength of Si-O-Mg bonds is weaker 
than Si-O-Si bonds (3.35 eV vs. 8.10 eV) in the silicate chain (Watts et al., 
2010). Therefore, the compactness of the silicate network decreases and 
less energy is required to break the bonds; as a result the glass transition 
temperature decreases. 
However, since a fraction of the magnesium enters the silicate network, the 
remaining part acts as a network modifying oxide (Watts et al., 2010). Hence, 
magnesium breaks the BO and forms NBO, which depolymerises the silicate 
network and decreasing the glass transition temperature.The finding of MgO 
series is in agreement with that found by (Watts et al., 2010; Kwon, 2006; 
Bovo, 2007) where the glass transition temperature decreased with MgO 
content. 
 
    4.2.1.2 Effect of MgO on crystallization temperature (Tp): 
 
The increase in Tp with MgO content might be attributed to the effect of MgO4 
tetrahedra, which causes loss of the local symmetry of SiO4 chain and as a 
result suppresses crystallization. The other explanation is that magnesium 
ions are four-fold coordinated and participated in network connectivity as 
MgO4 tetrahedra (Pedone et al., 2009), thus reducing the possibility of 
crystallization occurring. 
Furthermore, as magnesium is added, a proportion of the magnesium ions 
form tetrahedral MgO4, which requires charge balancing cations (George and 
Stebbins, 1998; Kroeker and Stebbins, 2000). These MgO4 units remove 
modifying ions (e.g Ca2+) from silica network resulting in the increased 
polymerisation of the network, thus inhibiting crystallization from occurring.  
Another possible explanation of the effect of MgO content on peak 
crystallization is based on Dietzel’s ionic field concept. Magnesium has a 
higher ionic field strength than calcium (4.73 Å-2 and 2.04 Å-2, respectively). 
Hence replacing magnesium for calcium, the silicate network becomes more 
compact and this decreases the possibility of crystallization occurring. 
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The finding of this series is in agreement with that of Brink, (1997) and Watts 
et al., (2010). However, it can be observed that there is a slight deviation in 
the trend (QM6-16.8 mol% and QM11-20 mol%). 
  
   4.2.1.3 Effect of different heating rates: 
 
The increase in the Tp is because the heat flow to the sample increases with 
increasing heating rate, and the effect becomes more obvious at higher 
heating rates. This result is in a good agreement with those found by 
(Clupper and Hench, 2003; Bretcanu et al., 2009).  
It is well known that low heating rates favour crystallization at the expense of 
viscous flow sintering, as it causes prolonged exposure of the particles to 
high temperatures (Bellucci et al., 2010). In addition, the mechanism of bulk 
nucleation is more dominant at lower heating rates, whereas surface 
nucleation is more preferred at higher heating rates (Santose et al., 2001).   
 
  4.2.1.4 Extrapolated values at thermal and isothermal conditions: 
 
The high activation energy of the onset for peak crystallization indicates that 
glasses containing MgO in their composition need higher energy for 
crystallization, because this element can suppress crystallization (Brink, 
1997; Watts et al., 2010). In addition, glasses of multi-component 
compositions have higher entropy than ternary and quaternary glass system, 
and the greater the glass entropy the more crystallization is suppressed. 
However, the low activation energy for the onset of crystallization of QM10 
(18 mol%) and QM11 (20 mol%) than that of 45S5 might be attributed to the 
change in behaviour of MgO from being intermediate oxide to network 
modifier with higher MgO content.This shift in MgO action depolymerises the 
network connectivity and decreases the energy barrier for crystallization. 
The value for the QM4 glass is fairly close or slightly higher than some of the 
glass series might be ascribed to the effect of ZnO, which is included in the 
QM4 glass composition. Recently, MD simulation and a solid state NMR 
study has found that Zinc participates and acts as intermediate oxide 
(Lusvardi et al., 2002; Linati et al., 2005) in the glass network. This behaviour 
is similar to MgO, as both these elements have similar charge to size ratios. 
Thereby, these elements can polymerize the network connectivity and 
supress crystallization from occurring. 
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The lower the activation energies for the onset of glass transition temperature 
of these glasses than that of the ternary and quaternary glass system are 
coincidental with the requirements of the coating process, since in the 
coating process a higher activation energy for onset of crystallization is 
required to prevent crystallization of the coating; and low activation energies 
for the glass transition temperature are required so that the glass can flow 
easily. 
The higher values of the Tg and Tp at 1K/min. of the MgO glasses could be 
attributed to the effect of MgO, as this element can suppress crystallization 
and decrease glass transition temperature (Brink, 1997; Watts et al., 2010). 
As a result the difference between the temperature of onset of crystallization 
and glass transition temperature increases, which represents the sintering 
window.This effect of MgO on sintering window is very important, since 
during the coating procedure (enamelling technique) a wider working range is 
required to enhance sintering and inhibit crystallization, which has 
detrimental effect on viscous flow sintering and bioactivity. 
 
   4.2.1.5 Effect of particle size on peak crystallization: 
 
It was expected that the peak crystallization temperature would move with 
the particle size and occur at lower temperature as the glass surface area 
increases, whereas the Tg should remain unchanged. This is because the 
surface crystallization is the more dominant mechanism of crystallization in 
bioactive glasses (Arstila et al., 2005; Arstila et al., 2007).  
The movement of the Tp with particle size is attributed to the fact that small 
particle sizes have larger surface area and more nucleation sites for 
crystallization, thus they tend to crystallize at lower temperature than larger 
particles, which have less nucleation sites due to the smaller surface area. A 
similar effect of particle size has been seen in all glasses of this series except 
QM4 (0%).  
The DSC traces of QM4 shows two separate peak crystallization for more 
and less than 45 µm. This feature has not been observed in DSC curve of the 
other glasses. The presence of two crystallization peaks in DSC plot of 
sample powder can be ascribed either to two different crystallization 
mechanisms; or two different crystal phases (Chatzistavrou et al., 2006). 
Therefore, the behaviour of this glass is different from other glasses in this 
       
149 
 
series. In addition, the feature of two distinct crystallization peaks indicates 
the tendency of this glass to crystallization compared with other glass series. 
Again this provides further evidence that magnesium can suppress 
crystallization from occurring. 
It is worth mentioning that small particle sizes tend to surface crystallization 
due to the large surface area and more nucleation sites (Ray et al., 1996). 
However, the crystallization temperature of small particles (<45µm) of QM4 is 
higher than coarse particles. This might be attributed to the effect of sintering, 
as small particles favour sintering at the expense of crystallization process 
(Prado and Zanotto, 2002). 
In general, the effect of particle size on peak crystallization in this glass 
series is not clearly visible. As explained before, this may be due to the effect 
of sintering during thermal treatment, where the small particles sinter and 
become large particles; thus reducing their effect on the peak crystallization 
temperature.  
The other evidence for surface nucleation is that the height of the peak 
crystallization decreases with particle size; this is because the height of the 
peak crystallization is proportional to the concentration of nuclei in the glass 
particles (Ray and Day, 1990). 
 
    4.2.3 Dilatometry analysis: 
   4.2.3.1 Glass transition temperature (Tg): 
 
The glass transition temperature is the most important feature that 
characterizing bioactive glasses, as it reflects indirectly the connectivity of the 
glass network and thereby it is associated with the glass solubility and 
degradation, crystallization and mechanical properties (Hill and Brauer, 
2011).  
The decrease of Tg with MgO content explains the role of magnesium as a 
network modifier, and the result is consistent with Avramov’s explanation on 
the effect of alkaline cations. He postulated that as the ionic radius of alkaline 
cations increases, the occurrence of glass network disruption becomes more 
restricted. By partial substitution of magnesium for calcium, magnesium is 
going to fill the cavities of calcium. The ionic radius of magnesium is less 
than that of calcium (0.78Ǻ and 1.06Ǻ respectively), so less attraction force 
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will be exerted by magnesium and subsequently network connectivity 
becomes less compact, therefore glass transition temperature decreases. 
However, recently (Watts et al., 2010; Pedone et al., 2009) have stated that a 
proportion of MgO can enter the silicate network and behave as intermediate 
oxide and form Mg-O-Si bonds, which is weaker than Si-O-Si bond. As a 
result a reduction in Tg has been observed. The force strength of Mg-O-Si 
bond was studied by Dowty who found that the constant force strength of Mg-
O in akermanite (Ca2MgSi2O7) is lower than in MgO and hugely lower than 
that of Si-O bond (2, 3.48 and 9.24 respectively) (Dowty, 1987; Linati et al., 
2005). 
The values of Tg from DSC are higher than that of dilatometry. This may be 
attributed to the differences in heating rate, as the heating rate used in 
dilatometry was 5oC/min., whereas DSC runs at 20oC/min.  
 
    4.2.3.2 Softening temperature (Ts): 
 
The softening point is the temperature at which the glass network loses its 
cohesion and begins to deform fairly rapidly under the force applied during 
dilatometry. It depends on the glass structure, the quantity of non-bridging 
oxygen bonds and the strength of cation-anion bonds (Levitskii et al., 2004). 
In the dilatometric plot, it is taken as the temperature at which the peak 
occurs in the trace. The softening point is very important regarding the 
coating process, since the temperature required for the glass to flow and wet 
the substrate (titanium) easily should be higher than this temperature.  
The decrease of Ts with MgO content is expected because the softening 
point is closely related to the glass transition temperature. This result is 
consistent with that found by (Watts et al., 2010; Kwon, 2006), where Ts 
decreases with the amount of magnesium substituted.  
 
 
    4.2.3.3 Thermal expansion coefficient (TEC): 
 
The thermal expansion (TEC) depends on the asymmetry of the amplitude of 
thermal vibrations in the glass structure (Yates, 1972; Bellucci et al., 2011). It 
depends primarily on temperature, however; other factors such as 
composition, glass structure e.g. degree of polymerization, type of structural 
units, the nature and distribution of the different cations i.e. whether they act 
as network former or modifiers in the glass network also have an influence on 
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TEC (Salama et al., 2005).  In general, strong chemical bonds in the glass 
network decrease the amplitudes and hence reducing the value of thermal 
expansion coefficient. 
From a practical point of view, it is difficult to match the TEC of the glass 
coating to that of titanium. However, in case of conventional methods such as 
the enamelling technique, matching the TEC of the glass coating to that of 
titanium is an essential step. This is to reduce thermomechanical stresses 
produced during cooling and subsequently to decrease the incidence of 
cracks in the coating. These cracks have a detrimental effect on glass-metal 
adhesion, since they cause delamination and detachment of the coating from 
substrate. Nevertheless, development of a compressive stress in a glass 
coating is more preferable over a tensile stress, since a compressive stress 
reduces crack development in the coating (Shelby, 2005). 
The decrease of TEC with MgO content was expected as the Appen factor of 
MgO is lower than that of CaO (6 versus 13). This result might also be 
attributed to the shift in magnesium role from being network modifier to 
intermediate oxide. By increasing magnesium content, magnesium may shift 
from being a modifier to intermediate oxide and enters the silicate network 
forming MgO4 tetrahedra. As a result the network connectivity becomes more 
compact which results in a reduction in TEC. However, a slight deviation can 
be noted in the trend of experimental TEC at 18 and 20 mol% MgO content. 
Although 45S5 glass has high bioactivity index, many attempts have been 
made to fabricate this glass as a coating for metal implants. All these 
attempts failed due to the high TEC of 45S5 and its tendency to crystallize 
during heat treatment. On the other hand, the TEC of Tomsia’s glass (6P57) 
is very close to that of titanium (9.4-10.3 x10-6 /oC). However, the calculated 
network connectivity of this glass is equal to 2.8, so according to inorganic 
polymer theory this glass has little or no bioactivity. 
It is worth noting that MgO was partially substituted for CaO in 6P57 glass 
and the aim of MgO addition was to reduce TEC of this glass. It is noted that 
TEC was reduced after this substitution; however, due to an increase in SiO2 
content this glass loses its bioactivity. According to the inorganic polymer 
model, the MgO glass series are expected to be bioactive, since the 
calculated network connectivity of these glasses is equal to 2.11, and can be 
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fabricated as a coating for dental implants as their TEC is close to that of 
titanium. 
 
   4.2.4 Structure of MgO glass series: 
   4.2.4.1 Bulk glass density: 
 
Density is a structure-sensitive property and it depends on type of oxide 
component, the type of bonds between them, the structural ordering and the 
packing density of structural elements (Levitskii et al., 2004). Recent studies 
have indicated that the glass density can be correlated with the volume of its 
structural units (Qn) and their concentration (Doweidar, 2009). 
The decrease of the bulk density with MgO content is due to lower atomic 
mass of magnesium compared with calcium (24 and 40, respectively) and 
smaller ionic radius of magnesium (Galliano and Cavalier, 1995). However, 
the density of the QM7 (11 mol%) glass deviated from the general trend of 
the glass series. This could be due to experimental error or a defect in the 
glass rod.  
The results of this series are consistent with the finding of (Watts et al., 2010; 
Kwon, 2006), which stated that density of glasses is inversely proportional to 
increasing magnesium content in the glass composition. However, it is worth 
noting that the glasses in the studies of Watts and Kwon were non multi-
component glasses, whereas the glasses prepared during this study are 
multi-component glass system.  
 
 
    4.2.4.2 Oxygen density: 
 
The increase in oxygen density with MgO content is because magnesium has 
a smaller size than calcium; and as a result it has high polarizing power than 
calcium due to its higher charge to size ratio and consequently exhibits 
higher attractive force to NBOs. 
The other argument for this proportional relationship is that a proportion of 
MgO takes part in network connectivity and attracts more cations; and as a 
result silicate glass network becomes more polymerized. The finding of this 
series is consistent with findings of (Watts et al., 2010 and Kwon, 2006). 
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   4.2.5 Bioactivity test: 
 
   4.2.5.1Tris-Buffer study/2 weeks, 1 month: 
   4.2.5.1.1 pH changes: 
 
The pH rise is due to exchange of cations such as Na+, K+ and Ca2+ for H+ 
from the glass to the solution. This finding is consistent with the first stage of 
Hench mechanism (ionic exchange), which is important for apatite 
precipitation (Hench and Clark, 1978). However, this result was unexpected 
as partial substitution of MgO for CaO reduces glass degradability and 
retards apatite deposition on the glass surface (Ma et al., 2010). The finding 
of this study may be due to the shift of Mg action from being an intermediate 
oxide to network modifier at higher concentration as explained previously.               
The pH changes of Tris-buffer solution as a function of MgO content has 
been studied as well. In general, there is no significant increase of pH, as it 
increased with very narrow range from 7.75 to 7.81. The insignificant effect of 
MgO content on pH of the solution disagrees with (Oliveira et al., 2002) who 
stated that by increasing MgO content in the glass composition (up to 32 
mol%) the rate of Mg dissolution increases and pH rises.  
Interestingly, QM11 (20 mol%) glass has the highest value (8.1) among the 
glasses of this series, whereas the lowest value is for QM5 (7.8 mol%) glass 
after 1 month immersion. This finding was unexpected as glasses with low 
MgO content should have the highest dissolution rate. Again this may be due 
to the change of Mg role from intermediate oxide to network modifier. It is 
worth mentioning that QM4(0%) glass was excluded from this study, as this 
glass formed apatite after 2 weeks immersion in Tris-buffer solution. 
 
    4.2.5.1.2 ICP-OES analysis: 
A- Two weeks study: 
The decrease of Ca2+ concentration is expected due to partial substitution of 
MgO for CaO in the initial glass composition. However, FTIR spectra of these 
glasses showed amorphous Ca-P rich layer formation after 2 weeks 
immersion in Tris-buffer solution. Therefore, the reduction of Ca 
concentration in the solution might be ascribed to the formation of an 
amorphous Ca-P layer. Though, the normalised values of Ca2+ highlights that 
this element was not consumed significantly for the precipitation of a Ca-P 
rich layer. 
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 It has been stated that the dissolution rate of alkaline earth ions from silicate 
glasses reduces with decreasing ionic radius (Paul, 1982). Hence, partial 
replacement of MgO for CaO decreases ionic extraction of Ca. This could be 
due to the higher Mg-O electrostatic bond energy compared with Ca-O bond, 
which polymerises the network and reduces glass dissolution. Alternatively, 
by increasing Mg concentration, a fraction of Mg enters the silicate network 
and forms MgO4 tetrahedra.  As a result, the compactness of silicate network 
increases and glass degradability decreases. Thereby, Ca2+ concentration in 
the solution decreases. The concentration of Mg2+ increased in the glass 
composition as a result of partial substitution of MgO for CaO. However, the 
normalised values showed that there were insignificant changes in the Mg 
profile.  
The increase of P concentration indicates that the glasses with high MgO 
content are less able to consume P for Ca-P layer formation. This is 
attributed to the effect of Mg, as it reduces the dissolution and incorporation 
of P in the glass surface (Dietrich et al., 2009). In addition, the normalised 
values depict that the concentration of P increases slightly then levels off. 
Again this indicates that this element has not been consumed for Ca-P rich 
layer formation in glasses with high MgO content.  
The increase in Si concentration might be associated with increasing Mg 
content in the glass composition, as Mg is thought to induce dissolution of 
silica network (Dietrich et al., 2009). Silica has an indirect role to induce 
apatite formation through the surface Si-OH groups, which is thought to 
reduce the energy barrier between the glass and apatite (Li et al., 1992A). 
However, the role of solution saturation with Ca2+ and P should be 
considered. This is because the concentration of Si reached its solubility level 
and still the glasses did not show evidence of apatite formation in Tris-buffer 
solution.   
These ICP results indicate that ZnO probably participates in the silicate 
network as an intermediate oxide, and this supports other MD and 29Si MAS-
NMR findings, which suggests that this element can behave as an 
intermediate oxide (Linati et al., 2005). Similar results have been found by 
(Lusvardi et al., 2008), where a very small amount of Zn is released in SBF. 
The absence of zinc also might be attributed to the formation of insoluble zinc 
phosphate compounds (Lusvardi et al., 2009A). 
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B- 1 month study: 
FTIR spectra of these glasses showed a broad hump at 600-550 cm-1.  
Therefore, the decrease in the concentrations of (Ca2+, P and Mg2+) with 
MgO content after 1 month immersion in Tris-buffer solution denotes that 
these elements might be consumed for the deposition of a Ca-P rich layer. 
However, the normalised value of Ca2+ indicates that this element was not 
incorporated into apatite. The normalised values of Mg2+ reflect the 
degradability and dissolution rate of the glasses after Mg incorporation. 
The reduction of Ca2+ and P with immersion time could be due to the 
consumption of these ions for formation of amorphous Ca-P rich layer 
(Karlsson et al., 1989), or other calcium compounds. The decrease of Mg2+ 
concentration might be associated with the formation of amorphous Ca-Mg-P 
layer on top of silica-gel layer (Jallot, 2003). Silica trend indicates that this ion 
reached the solubility limit (around 60 mg/L) (Brauer et al., 2010) for all 
glasses after 2 weeks and 1 month studies.  
 
   4.2.5.1.3 XRD 
 
The shifting of the amorphous halo after 2 weeks and 1 month immersion 
coupled with the FTIR spectra discussed later indicates that the glass 
structure changed and degradation occurred. Notably, the XRD patterns of 
QM4(0%) MgO glass showed diffraction peaks at 24.7 and 31.5 2θo, which 
indicate the precipitation of surface apatite layer.This suggests further 
evidence of the negative effect of Mg on apatite formation.  
 
    4.2.5.1.4 FTIR:  
 
The observed FTIR features after 2 weeks and 1 month immersion are 
consistent with disappearance of Q2 species and appearance of Q3 species. 
The appearance of a single hump at 600-550 cm-1, and replacement of a 
broad peak with single peak at 1030 cm-1 indicate that the glasses dissolved 
in the solution and ionic exchange occurred.  
The observed modifications in XRD and FTIR spectra denote that the 
glasses underwent structural changes with no evidence of apatite deposition. 
However, FTIR spectra of QM4(0%) MgO showed two split bands at 600-550 
cm-1, which indicate that this glass was able to form surface apatite after 2 
weeks immersion. 
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   4.2.5.2 SBF studies:  3 days, 1 week, 2 weeks& 1 month 
   4.2.5.2.1 pH changes: 
 
The apatite forming ability of bioactive glasses can be investigated in SBF to 
predict its capacity to form chemical bond with bone in vivo (Kokubo and 
Takadama, 2006). The effect of MgO on glass bioactivity was studied 
thoroughly in the literature. However, most of these studies were based on 
ternary or quaternary glass system. In this study, the effect of MgO on 
bioactivity of multi-component glass in SBF was studied. This is to investigate 
the effect of different MgO concentrations on apatite forming ability of the 
glasses in SBF. 
The pH trend of the first group was expected as the glass with less MgO 
content (14 mol%) has the higher degradation rate (Ma et al., 2010). In 
contrast, the result of the second group was unexpected as QM7 contains 11 
mol% MgO, which is higher than QM5 glass (7.8 mol%). The finding of the 
third group was consistent with that of the first group, as QM9(9 mol%) is 
chemically less durable, because it contains half MgO content of QM10 (18 
mol%) glass. 
pHs differences between SBF and Tris-buffer solution after 2 weeks 
immersion is expected due to the compositional differences and the high 
buffering capacity of Tris-buffer solution. Expectedly, the highest pH value in 
both solutions was assigned to QM4 (0 mol%) with regard to other glasses. 
This is because this glass does not contain Mg and proves that Mg reduces 
the glass dissolution rate (Ma et al., 2010). 
Although the difference between the highest and lowest pH values after 1 
month immersion is insignificant, these results disagreed with the findings of 
Ma et al., as Mg reduces glass dissolution rate. However, it has been stated 
that increasing MgO content in the glass increases Mg diffusion 
accompanied by pH rises (Oliveira et al., 2002).  
 
    4.2.5.2.2 ICP-OES analysis: 
A- 3 days, 1 week, 2 weeks: 
The reduction of Ca2+ concentration in SBF might be due to partial 
substitution of MgO for CaO in the glass composition. The same reason 
explains the increase of Mg in SBF after 3 days. The increase of glass 
durability after substituting MgO for CaO might be another possible cause of 
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Ca reduction. FTIR spectra of these glasses showed presence of undivided 
peak at 600-550 cm-1. This peak is assigned to an amorphous Ca-P rich 
layer. Hence, calcium could be consumed for precipitation of amorphous Ca-
P rich layer. The presence of a broad hump which is associated with 
amorphous Ca-P rich layer could also explain the reduction in P 
concentration. Another possible reason of P reduction is that this element 
could form an insoluble compound with other elements such zinc. The profile 
of Si, indicates that the concentration of Si increases with MgO content. 
However, it can be noted that Si did not reach its solubility limit after 3 days 
immersion in SBF.  
In contrast, the Si concentration reached the solubility level after 7 days 
immersion. This difference of Si concentration between 3 days and 1 week 
studies is due to the differences in soaking time. The profile of P indicates 
that the glasses with high MgO content did not consume P for Ca-P rich layer 
formation. A recent MD study showed that phosphate presents in the silicate 
glasses as isolated orthophosphate phase (Q0) (Tilocca et al., 2007). 
Therefore, it dissolves easily in the aqueous solutions compared to the 
silicate phase. 
After 2 weeks study indicates that the ionic dissolution is time dependent, as 
the P concentration was higher than that measured after 7 days. 
  
B- 1 month study: 
The ICP results showed that the ionic dissolution in SBF is similar to that of 
Tris-buffer solution. The depletion of SBF from Zn is consistent with that 
previous ssNMR and MD studies and indicates that Zn enters silicate 
network and forms Si-O-Zn bonds. The other possible explanation is that Zn 
might form insoluble compounds in the solution (Lusvardi et al., 2009A). 
It is worth noting that the XRD and FTIR spectra of MgO glass series showed 
features which indicate precipitation of Ca-P rich layer. Therefore, the 
decrease in Ca2+ concentration and low P concentration could be due to the 
consumption of these elements for formation of this layer. However, a slight 
increase in P concentration with MgO content was observed. This indicates 
that P consumption decreases with MgO content. This result is in a good 
agreement with XRD and FTIR findings of this series, where the detection of 
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diffraction peaks becomes less pronounced with increasing MgO content. 
Again this reveals that Mg interferes with apatite deposition.   
The ICP analyses of the MgO glass series in SBF showed that the 
magnesium concentration changes slightly with MgO content in the glass 
composition. This might be due to the presence of magnesium in the 
composition of SBF. 
 
   4.2.5.2.3 Ionic dissolution with time: 
 
The decrease in Ca2+ and Mg2+ concentration after 3 and 30 days immersion 
could be attributed to the formation of Ca-P or Ca-P-Mg rich layers (Jallot, 
2003). Other explanations of calcium reduction could be ascribed to the 
formation of insoluble calcium compounds such calcium carbonate. A similar 
trend was seen for Si with higher values observed for QM11 (20 mol%) 
compared to QM8 (14 mol%). The amount of phosphate, on the other hand, 
is different from that of Ca, Mg, and Si. The dissolution rate of P decreases in 
SBF with time. This might be due to incorporation of this ion in the 
amorphous Ca-P rich layer. 
The P profile after 7 and 30 days indicates that the concentration of this ion 
decreases with time, as it might be consumed for Ca-P rich layer formation. 
However, P profile indicates that the glasses with low MgO content 
consumed more P for Ca-P rich layer formation compared with high MgO 
content. This is indicative from the highest P concentration in SBF which is 
assigned to QM6 (16.8 mol%) in comparison with other glasses. This 
suggests that the rate of calcium phosphate layer formation reduces with 
magnesium content. The silica profile indicates that Si dissolved with time.  
The trend of magnesium after 14 and 30 days might be due to incorporation 
of this ion into a Ca-P rich layer. Again, the reduction in P concentration 
might be associated with consumption of this ion for Ca-P rich layer 
deposition.  
    4.2.5.2.4 XRD: 
 
The XRD features after 3, 7 and 14 days immersion provide clear evidence 
that the glass structure underwent degradation and silica-gel layer formed as 
a pre-stage for HA formation (Pereira et al., 1994). Magnesium has a 
negative impact on apatite formation, as it suppresses calcium release and 
hence prevents silica-gel layer formation (Ebisawa et al.,1990). Driessens 
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and Verbeck, 1990 stated that magnesium suppresses apatite formation, as 
it blocks the active site for calcium phosphate precipitation. By contrast, 
Moya et al., 1994 found that Mg has an insignificant role in the precipitation 
of a Ca-P rich layer. 
 
    4.2.5.2.5 FTIR: 
 
The inability of these glasses to form apatite in biological fluid after 3,7 and 
14 days might be attributed to the coupling action of Mg and Zn and not only 
to Mg. This is because both these elements behave similarly as intermediate 
oxides and copolymerise the silicate network, as well as inhibiting apatite 
nucleation and growth. 
The presence of crystal peaks after 1 month immersion appeared less 
pronounced in XRD and FTIR spectra of the glasses with high MgO content. 
Again this might be attributed to the effect of magnesium as explained 
previously.  
 
    4.2.6 Coating of MgO series 
   4.2.6.1 Characterization of Initial glass coating: 
   4.2.6.1.1 XRD: 
 
The presence of diffraction peaks in XRD analyses of the coatings denotes 
that the original glasses underwent partial crystallization during the coating 
process. Furthermore, these diffraction peaks imply that the glass was 
crystallized to HA-like crystal phases. However, the maximum firing 
temperature used during coating fabrication was chosen according to the 
extrapolated values and activation energy (mentioned previously). This 
means that this temperature should be within the sintering window and the 
glass should not crystallize during the coating process. In addition, the other 
firing parameters (heating rate and holding time) were selected to prevent 
crystallization from occurring. It has been stated that crystallization and 
phase separation increase glass viscosity and inhibit sintering process 
(Bellucci et al., 2010). However, SEM-EDS analysis discussed later showed 
that these glass coatings sintered efficiently and effectively. 
The transparency of these glass coatings means that the sizes of the crystal 
detected by XRD are below the wavelength of the light. In addition, FTIR 
spectra of the glass coatings were similar to the initial glass powder as will be 
explained in the next section. These findings indicate that the proportion of 
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crystalline phase that detected by XRD has little, if any, influence on sintering 
process of these coating.The difference in the optical appearance of QM5(7.8 
mol%) and QM11(20 mol%) is attributed to the effectof Mg as it supresses 
crystallization from occurring (Brink, 1997; Watts et al., 2010).  
 
    4.2.6.1.2 FTIR: 
 
The broad band that observed in FTIR spectra indicates that the general 
disorder in the silicate network is due to wide distribution of Qn species in the 
glass structure (Kansal et al., 2011). This implies that the initial amorphous 
structure of the original glasses was preserved during coating process. On 
the other hand, the presence of low intensity band at 565 cm-1 means that a 
proportion of the initial glass crystallized during the coating procedure. 
However, there was no correlation between the intensity of this peak and 
MgO content of the glass coatings.  
The FTIR are inconsistent with XRD analyses, as FTIR spectra did not show 
sharp peaks indicative of crystal phases; whereas XRD analyses exhibited 
diffraction peaks which are quite similar to HA peaks. The XRD is more 
useful to analyse the long range order structure in comparison to FTIR 
spectra, which is able to investigate the local short range amorphous 
structure. For this reason the XRD features of the glass coatings are not in 
accordance with FTIR spectra.   
It is claimed that glasses subjected to re-heating during the coating process 
might cause crystallization, which has a negative impact on glass bioactivity 
(Andersson et al., 1995). However, it has been stated that the ability of the 
glass to precipitate Ca-P rich layer in biological fluid depends on the residual 
glassy phase (Bellucci et al., 2010). Moreover, many studies reported that 
crystallization retards the apatite-forming ability of glasses without 
suppressing it (Peitl et al., 1996; Clupper et al., 2001; 2002). Peitl et al., 2001 
stated that glass can maintain its bioactivity after crystallization providing that 
the crystal phase is bioactive by itself. Therefore, the presence of apatite in 
the coating might have less negative effect or even less advantageous. SEM-
EDS analyses of the glass-metal interface explained later showed a Ca-P 
rich layer after 1 month immersion in SBF. This proves that the proportion of 
crystallization that detected by XRD has no effect on apatite-forming ability of 
the glass coatings. 
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    4.2.6.1.3 Scanning electron microscopy (SEM-EDS): 
A- Coating surface: 
The presence of cracks in the glass coating may be attributed to the 
thermomechanical stresses generated during cooling at the end of the firing 
cycle. This phenomenon occurs due to the fact that the thermal expansion 
coefficient of the glass (QM8-14 mol%) was slightly higher than that of pure 
titanium substrate (11.4x10-6 /oC and 9.4-10.3x10-6 /oC, respectively). 
In fact, thermal stresses depend on the coating thickness and thermoelastic 
properties of the coating and the underlying substrate (Shiue et al., 2000). It 
has been shown that the thermal stresses decrease with coating thickness; 
however, the driving force for detachment dominates when the coating 
thickness is small compared to underlying substrate (Hutchinson and Suo, 
1991). Notably, these cracks radiated from a defective area toward the edge 
of titanium disk. The presence of relatively few pores or bubbles indicates 
that the viscous flow sintering process has occurred efficiently. 
 
B- Glass-metal interface: 
The phenomennon of elemental interdiffusion seen in the backscattered 
image means that there is no abrupt change at the glass-metal interface and 
a graded interface is formed. The elemental interdiffusion between the two 
phases improves the adhesion between the glass and titanium. Titanium is 
not a network former; therefore, it can diffuse easily into the glass phase and 
improve glass-metal bonding. It has been suggested that optimum adhesion 
can be achieved when the glass becomes saturated with the lowest oxidizing 
status metal oxide (Oku et al., 2001). In addition, the elemental diffusion 
decreases the effect of the difference between the TEC of the glass coating 
and the underlying substrate. Thus, the adhesion of the glass coating to the 
metal is expected to be satisfactory.  
The SEM-EDS finding is consistent with that found by (Lotfibakhshaish et al., 
2010) where Ti alloy was used as the metallic substrate for bioactive glass 
coating.  
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    4.2.6.2 Glass- metal adhesion: 
 
Obtaining a good glass-metal adhesion is a prerequisite for a successful 
coating. However, the coating-metal interface can be affected by certain 
factors, such as Ti5Si3 and TiO2.  
The shift in peak position observed in the XRD patterns of detached sample 
might be ascribed to the effect of thermal strain generated during coating 
process. The line scan analysis across the polished glass-metal interface did 
not detect any reaction products. Thus, the TiSi2 layer could be very thin and 
below the detection limit of the SEM-EDS; or this layer might be attached to 
the inner surface of glass coating and removed during coating detachment. 
The XRD analysis of the inner surface of the detached coating revealed that 
the TiO2 layers might have no effect on glass-metal adhesion. 
The excellent glass-metal adhesion of MgO series might be attributed to the 
elemental interdiffusion between the two phases observed in the line scan 
analysis of the initial glass-metal interface. This elemental diffusion stabilizes 
the interfacial reaction and reduces the development of Ti5Si3 layer, thus 
improving the glass-metal adhesion (Pask, 1987; Nicholas, 1990). In 
addition, the glasses prepared in this study have slightly high TECs 
compared to titanium. These slight differences in TEC might put the glass 
coating in a compression which reduces cracks development (O’Donnell et 
al., 2008; Shelby, 2005) and subsequent coating detachment. These results 
indicate that the firing parameters that have been used during this study to 
fabricate these coatings were selected appropriately. 
 
   4.2.6.3 Bioactivity tests of MgO glass coatings: 
   4.2.6.3.1 pH changes: 
 
Although there is no linear trend in the pHs of Tris-buffer solution, the final pH 
values mirror the influence of Mg on glass degradability and dissolution; as 
partial substitution of MgO for CaO reduces glass dissolution rate (Ma et al., 
2010; Vogel, 1985; James, 1989). 
The pH variation is due to change in SBF composition as a result of glass 
dissolution and ionic release. Again the pH trend reflects the effect of Mg on 
glass degradability and dissolution, as the glass with the lowest MgO content 
(7.8 mol%) has the highest pH value. The clarity of pH variation compared to 
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that of Tris-buffer solution was expected as the buffering capacity of Tris-
buffer solution is higher than that of SBF.  
The results of the pH variation of the glass coatings in Tris-buffer solution 
and SBF are lower than that observed for glass powder, where pHs of (8.1 
and 8.3, respectively) were observed after 1 month. These findings were 
expected as the surface area of glass powder is higher than the glass 
coatings. The glass particles undergo sintering during the coating procedure; 
as a result the glass particles become more condense with less surface area 
(Prado et al., 2008). Therefore and since the dissolution rate depends on the 
surface area (Hench et al., 2002), the ionic released of the glass coatings is 
lower than glass powder and less pronounced pH changes are seen. 
 
    4.2.6.3.2 ICP-OES analysis: 
A- Ion concentration in Tris-buffer solution:                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
The reduction in calcium concentration was expected as MgO was 
substituted for CaO. Thus decreasing the amount of calcium released in Tris-
buffer solution. This result is consistent with ionic dissolution of glass powder 
after 1 month immersion in Tris-buffer solution.  
The decrease in P concentration is different from that of glass powder where 
the concentration of P increased slightly in Tris-solution with MgO content. It 
is worth mentioning that both calcium and phosphorus are essential ions for 
Ca-P rich layer formation, which precedes apatite deposition. FTIR spectra of 
these coating in Tris-buffer solution showed two split peaks at 600-550 cm-1 
of low intensity, which is assigned to a Ca-P rich layer. Thereby, these ions 
might be consumed for formation of this layer. Hence, their concentration 
decreases in Tris- buffer solution. 
The increase in Mg concentration was expected as the concentration of MgO 
increased in glass composition due to partial replacement of MgO for CaO. It 
is thought that the dissolution behaviour of Si network increases with 
increasing magnesium content in the initial glass composition (Dietrich et al., 
2009).  The decrease in Si concentration indicates that partial substitution of 
MgO for CaO decreases the glass degradability and dissolution rate, as 
discussed previously. 
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B- Ion concentration in SBF:                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
The reduction of Ca2+ and P ions denotes that these ions are consumed for 
apatite deposition. These findings are in a good agreement with SEM-EDS 
analyses which showed a Ca-P rich layer on the coating surface. In addition, 
XRD and FTIR spectra of the glass coatings after SBF immersion showed 
that a layer of apatite formed on the coating surface after 1 month immersion 
in SBF. The increase of Mg2+ concentration was expected due to increase 
Mg concentration in the initial glass composition.  
The Ca2+, P, Mg2+ profiles are similar to the ionic dissolution of glass powder 
after 1 month immersion in SBF. However, it is worth mentioning that the 
concentration of these ions released from glass coatings is higher than that 
of glass powder. This is because the dilution ratio of SBF powder samples 
was different from that of coating samples. According to the surface area of 
each sample, the solution volume used for glass powder was 50 ml 
compared to 7.8 ml used for glass coatings.  
The profile of Si is similar to that found for glass powder; however, its 
concentration in SBF coating samples is lower than that in glass powder 
samples. In the SBF study of glass powder the Si concentration reached the 
solubility level (60 mg/L), whereas in this study of the coating samples the 
concentration was below the saturation level (20-30) mg/L. This might be 
attributed to the differences in the dissolution rate between glass powder and 
glass coatings due to the differences in the surface area of these samples. 
The Si result indicates that the role of silica gel layer in apatite formation 
might be not as important as the solution saturation with Ca2+ and P. This is 
because these glass coatings were able to show an appetite-like layer 
despite the fact that the Si concentration did not reach its solubility limit in 
SBF. The results of the Tris-buffer study of these glass coatings support this 
conclusion, as this solution does not contain phosphate in its chemical 
composition compared to SBF. Thereby, these coatings failed to form Ca-P 
rich layer in Tris-buffer solution. This finding disagrees with that found by 
(Ohtsuki et al., 1992) who showed that the bioactivity of CaO-P2O5-SiO2 
depends on silica-gel layer formation more than solution saturation with Ca2+ 
and P ions.  
However, it is worth noting that XRD and FTIR analyses of the initial glass 
coatings exhibited a mixed feature of amorphous and crystal peaks.   
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Therefore, the Ca-P rich layer that was observed in SEM-EDS analysis; and 
the changes observed in the XRD and FTIR spectra after SBF immersion 
might be associated with growing of the crystal phases that formed during 
coating process. Or the developed crystal phases might behave as a 
nucleation site for formation of new crystal phases. The extracted ions from 
the matrices of the initial glasses in the SBF were consumed for growing or 
formation of the new crystal phases. This proves that the remaining glassy 
phase after partial crystallization still has an influence on bioactivity of the 
glass coating (Li et al., 1992C; Bellucci et al., 2010).  
Interestingly, the diffraction peaks seen in XRD analyses of the initial glass 
coatings are associated with HA crystal phases. This means that 
crystallization of these glass coatings during firing cycle does not hamper the 
bioactivity, since the crystal phases that formed are assigned to HA, which is 
a well-known a bioactive phase. 
 
   4.2.6.3.3 XRD: 
 
The increase width of peak crystallization is either due to growing of the 
crystal phases that developed during coating process; or formation of new 
phases. Evidently, this feature is more obvious after SBF immersion 
compared with that seen after Tris-buffer soaking. These results are in a 
good agreement with pH variation, as apatite formation is pH-dependent 
process (Lu and Leng, 2005). The increase intensity of the peaks indicates 
that the coatings underwent structural changes. Again these changes were 
seen more clearly after SBF soaking than after immersion in Tris-buffer 
solution. The modifications were observed clearly in SBF might be due to the 
high P concentration (31 mg/L) in initial SBF composition, which is thought to 
promote apatite formation (Pereira et al.,1994).  
The clarity of the amorphous halo means that the degradation rate of the 
glass coatings in Tris-buffer solution is slower than in SBF. The mixed 
amorphous and crystal feature can be particularly seen in glasses with high 
MgO content (QM8-14 mol% and QM11-20 mol%). As these coatings contain 
high Mg content compared to QM5-7.8 mol % glass coating; as this element 
is well-known has the ability to decrease glass degradability and dissolution 
rate.  
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    4.2.6.3.4 FTIR: 
 
The observed modifications in the FTIR spectra after immersion in Tris-buffer 
solution indicate that the degradation process of the glass coatings was very 
slow; and the two peaks at 600-550 cm-1 might be due to partial 
crystallization occurred during coating process. Again this is due to the effect 
of Mg as explained before. These findings are consistent with pH variation of 
Tris-buffer solution, as pH changes were less pronounced compared to the 
pH trend in SBF. In addition, FTIR spectra are in agreement with XRD, where 
these coatings exhibited amorphous and crystal structure; with more 
dominant amorphous phase in the glass coatings with high MgO content.   
The changes observed after SBF immersion indicate that the glass coatings 
underwent structural changes and new crystal phases formed; or the crystal 
phases that occurred during coating process might grow. The FTIR spectra 
of the coating with high MgO content showed structural changes with no 
evidence of Ca-P rich layer formation. Again this is attributed to the effect of 
Mg as explained before. The findings after 1 month immersion in SBF are in 
agreement with XRD and pH changes. This is because both these analyses 
revealed that the glass coatings contain (7.8 and 14 mol%) MgO showed 
evidence of growth of the crystal phases that occurred during coating 
process; or formation of new phases. 
 
 
   4.2.6.3.5 SEM-EDS of glass-metal interface: 
   4.2.6.3.5.1 Tris-buffer solution study: 
 
The glass coating failed to form Ca-P layer in Tris-buffer solution and was 
able to form apatite layer in SBF (will be discussed). These results are 
ascribed to the composition of SBF; as it contains Ca2+ and P which 
promoted apatite deposition compared to Tris-buffer solution. In addition, the 
buffering capacity of Tris-buffer solution is high compared to SBF. For this 
reason the final pH value of SBF was higher than that of Tris-buffer solution.  
The results of bioactivity assays of glass coatings are consistent with the 
results of glass powder in Tris-buffer solution. XRD and FTIR spectra of glass 
powder did not show evidence of apatite formation after 1 month immersion 
in this solution. These findings indicate that the glass coatings maintained the 
structural and compositional properties of glass powder during the coating 
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process. This is despite that the XRD and FTIR spectra of the initial glass 
coating exhibited evidence of crystallization during coating procedure. 
 
    4.2.6.3.5.2 SBF study: 
 
The elemental line scan analyses did not show a SiO2 –rich layer between 
the Ca-P rich layer and the remaining glass. This might indicate that the 
crystal phases that formed during coating process have grown or new 
phases formed.   
SEM-EDS results of this study are consistent with Lopez-Esteban’s study. 
However, EDS analysis did not detect a pure silica rich layer in this study; 
and the visual thickness of the Ca-P rich layer in this study is less than that 
found by Lopez-Esteban et al., 2003 (6-9 versus 20 µm). Yet, the SBF 
immersion time was 2 months in Lopez-Esteban’s study, whereas in this 
study the glass coatings soaked for 1 month. 
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   5. CaF2 series 
    5.1 Results - CaF2 series 
    5.1.1 X-ray diffraction (XRD): 
 
All the glasses exhibited a broad diffuse scattering by XRD which 
demonstrates that the glasses have an amorphous structure, as shown in 
Figure 61.  It can be seen that the amorphous halo does not change with 
CaF2 concentrations, and is centred at (25-32
o, 2θ). Optically, these glasses 
appeared homogeneous, transparent and colourless. This indicates that 
these glasses have not undergone phase seperation, or any phase 
separation is at the submicron level.  
 
   Figure 61: XRD patterns of CaF2 glass series for different mol % CaF2 contents. 
               
    5.1.2. Differential scanning Calorimetry (DSC) 
   5.1.2.1 Effect of CaF2 on glass transition temperature (Tg): 
 
Figure 62 illustrates the effect of CaF2 on glass transition temperature (Tg). It 
is observed that the Tg decreases linearly with CaF2 content.  
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                 Figure 62: Effect of CaF2 on glass transition temperature (Tg).  
                            
 
5.1.2.2 Effect of CaF2 on peak crystallization (Tp) and sintering 
window:  
 
The effect of CaF2 on peak crystallization and sintering windows of the glass 
series are presented in Figure 63A&B respectively. Increasing fluoride 
content results in a gradual decrease in the temperature of peak 
crystallization and sintering windows.  
  
  
 
 
 
 
 
 
 
 
 
 
 
 
                  Figure 63A: Effect of CaF2 on peak crystallization temperature (Tp).  
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Figure 63B: Effect of CaF2 on sintering window. 
 
Figure 64 shows DSC plots of QM8 (0 mol %) and modified QM8 (MQM8-
9.11 mol%). It can be clearly seen that the DSC trace of the glass containing 
fluoride exhibited two peak crystallization compared with the fluoride-free 
glass. In addition, the sintering window of the base glass QM8(0 mol%) is 
wider than that of MQM8 (9.11mol%).  
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            Figure 64: DSC plots of (A) QM8 (0 mol %) and (B) MQM8 (9.11 mol %).  
                           
 
   5.1.2.3 Effect of different heating rates: 
 
Figure 65 demonstrates the effect of different heating rates on peak 
crystallization of MQM8 (9.11 mol%). It can be observed that the peak 
crystallization temperature shifts to higher temperatures with increasing 
heating rate. In addition to that, the height of the peak crystallization 
increases with heating rate.   
Based on the data obtained from the effect of different heating rates (5,10, 
20,30 and 40oC/min.), the extrapolated values of (glass transition 
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temperature, the temperature for onset of peak crystallization and the 
temperature for peak crystallization) were calculated according to Marotta 
method as discussed in chapter 4. Figure 66 shows the plot of activation 
energy for Tg and Tpcon of MQM8(9.11 mol%). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 65: Effect of different heating rates on peak crystallization-MQM8 (9.11 mol%). 
   
Table 10 details the extrapolated values of QM8 (0 mol %) and MQM8 (9.11 
mol %). It can be noted that the sintering window and the extrapolated values 
for glass transition temperature, onset for peak crystallization and peak 
crystallization temperature of QM8 are all higher than that of MQM8.  
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Figure 66: Samples of activation energy plot as determined by Marotta method for 
Tg(A) and Tpcon (B) of MQM8 (9.11 mol%). 
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Table 10: Extrapolated values and thermal analyses of QM8 (0) and MQM8 (9.11)mol%. 
             
            
    5.1.2.3 The effect of particle size on peak crystallization: 
 
Figure 67 illustrates the effect of QM8 (0%) and MQM8 (4.7 mol %) particle 
size on the DSC data. It can be seen that both glasses underwent surface 
crystallization; this is evidenced from the movement of peak crystallization 
temperature to higher values with increasing particle size. However, this is 
not a dominant feature of all glasses as can be shown in Figure 68. 
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Figure 67: Effect of particle size on peak crystallization (A) QM8 (0 mol%) and (B) 
MQM8 (4.7 mol%). 
 
 
 
 
 
 
 
 
 
 
 
 
F
        Figure 68: Effect of particle sizes on peak crystallization of CaF2 glasses. 
                                    
 
 
5.1.3. Dilatometry results 
    5.1.3.1. Glass transition temperature and softening point: 
 
Figure 69 illustrates the effect of CaF2 on glass transition temperature 
obtained from dilatometry. It can be noted that the glass transition 
temperature decreases with increasing CaF2 content. This result is consistent 
with that from DSC. However, Tg values obtained from dilatometry are slightly 
higher than those obtained from DSC. Interestingly, the differences between 
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Tg obtained from the dilatometry and that collected from DSC increase with 
CaF2 content, as depicted in Figure 70. Since softening temperature is 
correlated to Tg; the softening point reduces with CaF2 content, as 
demonstrated in Figure 69.  
 
 
 
 
 
 
    
 
 
 
 
 
 
 
Figure 69: Effect of CaF2 content on glass transition temperature (Tg)( ) and 
softening temperature (Ts)( ). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 70: Effect of CaF2 on Tg obtained from DSC () and dilatometry (). 
 
                
 
 
 
 
 
540
560
580
600
620
640
660
680
700
0 2 4 6 8 10 12 14
T
g
 &
 T
s
 (
°C
) 
CaF2 mol% 
540
550
560
570
580
590
600
610
620
630
0 2 4 6 8 10 12 14
T
g
 (
°C
) 
CaF2 mol% 
       
177 
 
 
 
 
           
    5.1.3.2. Thermal expansion coefficient (TEC): 
 
Figure 71 shows a linear correlation between TEC and CaF2 content 
(measured between 100-500oC). According to the author knowledge this is 
the first measurement of the TEC of fluoride-containing glasses.  
 
 
              
                 
               
 
                     
 
 
 
       
 
     
 
                     Figure 71: Effect of CaF2 on thermal expansion coefficient (TEC).  
                         
    5.1.4. Glass density: 
 
Figure 72 demonstrates the effect of added CaF2 on the glass density. There 
is a proportional relationship between CaF2 content and bulk glass density.  
                            
 
 
 
 
 
 
 
 
 
 
     
 
                              Figure 72: Effect of CaF2 on bulk glass density.    
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    5.1.5. Bioactivity test: 
    5.1.5.1. pH changes: 
 
Figure 73A illustrates pH behaviour with time after 1 week immersion in Tris-
buffer solution. It can be clearly seen that pH rises very gradually with 
immersion time (7.35-7.56).  
The pH variation of SBF with soaking time is more pronounced than in Tris-
buffer solution as shown in Figure 73B. pH increases from 7.25 to almost 7.7.  
 
 
 
 
 
                         
 
 
 
                  
 
 
 
 
 
 
 
 
 
 
 
                
 
 
 
            
 
 
Figure 73 : pH variation of (A) Tris-buffer solution and (B)SBF with soaking time. 
       
Figure 74 depicts the effect of CaF2 content on pH of Tris-buffer solution. It is 
clear that pH of this solution decreases linearly with CaF2 content.  
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       Figure 74: Effect of different CaF2 concentrations on pH of Tris-buffer solution. 
                                  
                         
The pH variations of Tris-buffer and SBF after 1 month immersion indicated 
that the alkalinity of these solutions increased gradually from 7.35 to 8.1 and 
8.2 (Tris-buffer and SBF, respectively).   
 
   5.1.5.2. Fluoride-analysis 
   5.1.5.2.1 As a function of CaF2 content: 
 
Figure 75 demonstrates the correlation between CaF2 content and the 
amount of fluoride released from glasses after 7 days immersion in Tris- 
buffer solution and SBF. The concentration of fluoride released increases 
with increasing CaF2 content.  
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Figure 75: Fluoride release in (A) Tris-buffer solution and (B) SBF with CaF2 content-1 
week.  
                     
The profile of released fluoride after 1 month immersion is similar to the 1 
week study in Tris-buffer solution and SBF. However, the amount of fluoride 
measured in Tris-buffer solution was higher than SBF (350 and 120 mg/L, 
respectively), as shown in Figure 76.  
     
 
 
 
 
 
 
 
 
 
  
 
  
 
 
 
  Figure 76: Fluoride release in () Tris-buffer and () SBF with CaF2 content-1 month.  
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   5.1.5.2.2 Fluoride measurement with soaking time: 
 
Figure 77 illustrates the profile of ionic dissolution of fluoride in SBF. It can be 
seen that the dissolution rate of fluoride increases gradually in the solution. 
After 7 days, the trend of the low fluoride containing glasses (below 9.11 mol 
%) tends to be level off; whereas with the high fluoride containing glasses the 
rate increases with time. 
 
 
 
 
 
 
 
 
         
 
 
            
      Figure 77: Ionic dissolution of fluoride in SBF with immersion time (7&30 days). 
 
The ionic dissolution of fluoride in Tris-buffer solution is somehow different, 
as the initial dissolution rate is low during the first week, then increases 
remarkably.  
 
    5.1.5.3 ICP-OES analysis  
A- After 1 week immersion:  
Figure 78 depicts the ionic dissolution of the CaF2 glass series after 1 week 
immersion in Tris-buffer solution as a function of CaF2 content. The 
concentration of calcium released was proportional with the CaF2 content. In 
contrast, the amount of magnesium extracted from the glass matrix was 
slightly decreased with increasing CaF2 content. There was no significant 
change in the silicon released with CaF2 content. Correspondingly, the 
amount of P released decreases with CaF2 content. 
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 Figure 78: Ionic dissolution of CaF2 glasses in Tris-buffer solution with CaF2 content-
1 week.(P & Mg right coordinate). 
   
 
        
 
 
 
 
 
 
 
Table 11: Calculated values of Si,Ca, Mg, P assuming that 100% of glass dissolved in 
50 ml solution.(values p.p.m). 
 
 
 
 
 
 
 
 
 
 
 
 
Glass Si Ca Mg P F
MQM8(0) 489 587 110 131 0
MQM8(2.4) 477 572 107 127 38
MQM8(4.7) 466 558 105 124 73
MQM8(9.11) 444 533 100 119 139
MQM8(10.3) 438 525 98 117 157
MQM8(11.5) 432 518 97 115 175
MQM8(13) 425 509 95 113 11
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Figure 79: Ionic dissolution of CaF2 glasses in Tris-buffer solution with CaF2 content 
based on normalised values-1 week. 
      
The normalised values of ionic released were calculated by dividing the 
concentration determined by ICP by the values in the Table 11. The trend of 
normalised values of these ions is similar to that detected by ICP in Tris-
buffer solution. However, there is no specific trend of Mg2+, as its 
concentration varies between (0.25-0.3 mg/L), as illustrated in Figure 79.  
Figure 80A shows that the ionic dissolution of the glass series in SBF after 7 
days soaking is similar to that of Tris-buffer solution 
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Figure 80: Ionic dissolution of CaF2 glass series in SBF with CaF2 content (A) 1-week 
and (B) 1 month. (P & Mg right coordinate). 
 
 
B- Ionic dissolution after 1 month study: 
The ICP results of SBF after 1 month are slightly different from 1 week, as 
shown in Figure 80B. The trend of Ca2+ and Mg2+ is similar to that after 1 
week. The concentration of Si reached its solubility level after 1 month 
compared with 1 week. In fact, there is no change in the P trend and the 
concentration is below 10 mg/L.  
The ionic dissolution in Tris-buffer solution after 1 month is similar to that 
after 1 week. The normalised values of ionic released in Tris-buffer solution, 
Figure 81, showed that the concentration of Mg increased slightly instead of 
being decreased (ICP results are not shown as it is similar to the ionic 
dissolution after 1 week).  
 
 
 
 
 
 
 
0
10
20
30
40
50
60
0
20
40
60
80
100
120
140
160
180
200
0 2 4 6 8 10 12 14
C
o
n
c
e
n
t.
 (
m
g
/L
) 
CaF2 mol% 
Ca
Si
P
Mg
B 
       
185 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 81: Ionic dissolution of CaF2 glasses in Tris-buffer solution based on 
normalised values-1 month. (P & Mg right coordinate).    
 
Figure 82 shows the ionic dissolution of Ca2+, P, Mg2+ and Si in Tris-buffer 
solution with time. It can be seen that the initial dissolution rate of these ions 
are high then the rate levels off with increasing immersion.  
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Figure 82: Ionic dissolution of CaF2 glasses in Tris-buffer solution with soaking time. 
         
In SBF, the dissolution rate of Ca2+ increases with immersion time and it is 
higher than the initial extraction rate. In general, Mg2+ and Si have similar 
profiles, as the initial dissolution rates of these ions are high and then 
decrease slightly with time.  The dissolution rate of P decreases dramatically 
with soaking time, as it decreases below 30 mg/L (initial P concentration in 
SBF). This result is consistent with the trend of P as a function of CaF2 
content, as its concentration almost below 10 mg/L.  
 
    5.1.5.4 XRD: 
 
 XRD analyses of the CaF2 glass series showed that the amorphous halo 
shifted to higher theta values after 1 week immersion in Tris-buffer solution 
with respect to the original glasses. Similar features were observed in XRD 
analysis after 1 week immersion in SBF.  
After 1 month immersion, XRD of the CaF2 glass series immersed in Tris-
buffer solution exhibited similar profile to those seen after 1 week. Figure 83 
shows XRD of MQM8 (9.11 mol%) before and after immersion in Tris-buffer 
solution and SBF as an example of this series. 
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Two apatite peaks at 26 and 31.9 2θ° were seen in XRD patterns of glass 
containg (2.4 mol%) CaF2; whereas other glasses showed structural changes 
with no evidence of apatite peaks (similar to 1 week study). It is worth noting 
that the base glass QM8,  which does not contain fluoride in its composition, 
showed apatite peaks similar to that seen in MQM8 (2.4%) after 1 month 
soaking in SBF.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     
 
 
 
 
 
 
 
 
 
 
 
Figure 83: XRD patterns of MQM8 (9.11 mol%) before and after immersion in (A)Tris-
buffer solution and (B)SBF. 
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   5.1.5.5 FTIR: 
 
FTIR absorbance spectra of the untreated glasses showed a broad band at 
1014-939 cm-1. After 1 week immersion in Tris-buffer solution, the Si-NBO 
band disappeared. This is attributed to the condensation and repolymerisation 
of the silica-gel layer on the glass surface, which is depleted of alkali and 
alkaline earth cations. This is confirmed by the presence of new peak at 1038 
cm-1 which is associated with Si-O-Si stretching band. However, there is no 
clear evidence for the presence of two split peaks at 600-545 cm-1 which 
denotes HA formation. Instead, a single broad peak has been seen in the 
range 600-550 cm-1, this peak indicates the precipitation of amorphous Ca-P 
layer or possibly disordered nano-sized apatite crystals.   
FTIR spectra of the glasses immersed in SBF are similar to that after 
immersion in Tris-buffer solution, an example is shown in Figure 84. The 
absence of two-split peaks at 600-550 cm-1 indicates that there is no 
evidence of apatite formation after 7 days immersion in SBF. Instead, a 
single broad peak in the range 600-550 cm-1 is present, which is similar to 
that found after Tris-buffer study. However, in accordance with XRD, FTIR 
spectra of MQM8 (2.4%) exhibited two split peaks at 600-550 cm-1. 
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Figure 84: FTIR spectra of MQM8 (9.11 mol%) before and after immersion in (A)Tris-
buffer solution and (B)SBF.  
 
In general after 1 month study, FTIR spectra showed similar features to that 
observed after 1 week. The only difference is that the single broad peak at 
600-550 cm-1 becomes more distinct compared with that seen after 1 week. 
This could indicate that the size and order of the apatite crystal increased.  
 
    5.1.6. Coating of CaF2 series: 
 
In order to find out the appropriate fluoride level that improves bone-implant 
interface, two glass coatings have been selected from this series with low(2.4 
mol%) and medium (9.11 mol%) fluoride concentration (according to the 
concentration of CaF2 added in this study). Attempts have been made to 
study the coatings with high fluoride concentration (11.5 and 13 mol%). Other 
glasses (4.7 and 10.4 mol%) were excluded as there are relatively little 
differences in the fluoride concentrations between these glasses and fluoride-
containing glasses (2.4 and 9.11) mol%.  
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    5.1.6.1 Characterization of Initial glass coating: 
    5.1.6.1.1 XRD: 
 
Figure 85A shows XRD plots of the initial glass powder and coating of MQM8 
(2.4 mol%). It can clearly be observed that this glass has both an amorphous 
and crystalline structure compared with the initial glass powder, which has a 
pure amorphous structure. In this plot, the amorphous structure is the 
dominant feature compared with diffraction peaks which have low intensities. 
However, the XRD pattern of glass coating (9.11 mol%) shows that the 
crystal structure is more pronounced compared with the amorphous halo. 
This is evident from the increase of the intensity of the diffration peaks, as 
shown in Figure 85B.  
Optically, MQM8 (2.4 mol%) had a transparent appearance, whereas MQM8 
(9.11 mol%) tends to be opaque.  
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Figure 85: XRD patterns of glass powder and glass coating of (A) MQM8 (2.4 mol%) 
and (B) MQM8 (9.11 mol%) compared with diffraction peaks of FA. 
  
   
   5.1.6.1.2 XRD of failed coatings: 
 
Attempts were made to coat titanium disks with (MQM8-11.5 and 13 mol%) 
at different firing parameters, as described in Table 4. The values of these 
parameters were selected according to the extrapolated values of these 
glasses obtained from running DSC at different heating rates. In order to 
avoid crystallization from occurring the maximum firing temperature was 
chosen at least 20 oC below the onset for peak crystallization; and the 
holding time of this series decreased to 2 min. compared with the MgO 
series, where the glass coatings were held for 30 min.  Unfortunately, these 
attempts failed and the glass coatings detached immediately from the 
underlying substrate after the cooling phase.  
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Figure 86: XRD patterns of the glass powder and coating fabricated at different firing 
parameters. (A) MQM8(11.5 mol%) and(B) MQM8(13 mol%) coatings compared with 
FA. 
XRD analyses of the diffraction peaks of MQM8 (11.5 mol%) at (650oC) 
showed that these peaks could be assigned to pseudowollastonite; whereas 
at (700oC) the peaks match that of a cuspidine (2SiO2.3CaO.CaF2). The 
results of the MQM8 (13 mol%) coating revealed that these peaks could be 
associated with cuspidine phase at the different firing temperature used. 
However, other phases such as wollastonite, pseudowollastonite, and 
combeite might also be present. Figure 86 illustrates XRD patterns of MQM8 
(11.5 and 13 mol%) at different firing parameters.   
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   5.1.6.1.3 FTIR: 
 
FTIR spectra of MQM8 (2.4 mol%) and (9.11 mol%) coatings are fairly similar 
to the spectra of their parent glass powders. However, the broad band that 
seen in the FTIR spectra of the glass powder at 1023-937 cm-1, observed at 
1046-870 cm-1 in the FTIR spectra of the glass coatings. In addition, the 
spectrum of the glass coating is different from glass powder at 610-550 cm-1. 
The glass coating MQM8 (2.4 mol%) shows low intensity two separate bands 
at this region, as shown in Figure 87A; and the spectrum of MQM8 
(9.11mol%) implicates single sharp peak at 610 cm-1 and broad hump at 556 
cm-1 , Figure 87B. The spectra of the glass powder, on the other hand, does 
not show any feature at the low energy zone (600-550 cm-1). Evidently, this 
feature can be clearly seen in the fluoride containing glass coating (9.11 
mol%) compared with coating contains low fluoride, content (2.4 mol%).   
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Figure 87: FTIR spectra of the glass powder and coating of (A) MQM8 (2.44 mol%) 
and (B) MQM8(9.11 mol%). 
 
 
    5.1.6.1.4 FTIR of failed coating: 
 
All spectra of the glass coating MQM8(11.5%) showed  that the broad band 
at 1030-939 cm-1 appeared similar to the initial glass powder; however, some 
distortion was observed. In addition, all spectra of this glass coating showed 
two separate bands in the 610-550 cm-1 region. These bands indicate that the 
glass crystallized during firing cycle even at low firing temperature.  
Consistently, all spectra of the glass coating MQM8(13 mol% ) exhibited 
similar changes to that seen in the glass coating (11.5 mol%). Figure 88 
illustrates FTIR spectra of glass coating MQM8(13 mol%) at different coating 
parameters.  
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Figure 88: FTIR spectra of MQM8 (13 mol%) glass coating at different firing 
parameters. 
 
    5.1.6.1.5 Scanning electron microscopy (SEM-EDS): 
Glass coating surface: 
Figure 89 illustrates SEM image of MQM8 (2.4 mol%) the coating surface. 
The coating surface appeared to be smooth and cohesive; however, cracks 
and tiny pores were detected.  
 
 
                  
 
 
 
 
 
 
 
 
 
 
 
Figure 89: SEM micrograph of glass coating surface-MQM8 (2.4)%. C- Cracks, P- 
Pores. 
 
Figure 90 illustrates the line scan analysis across the surface of the glass 
coating. It can be seen that the glass elements are distributed evenly across 
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the surface. However, calcium and silica have the highest concentrations 
among other elements. Interestingly, fluoride cannot be detected by line scan 
analysis despite this glass coating containing 2.4 mol% CaF2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
                              
 
 
 
 
 
 
 
 
 
 
Figure 90: SEM micrograph and associated line scan analysis of glass coating 
surface-MQM8 (2.4 mol%). 
 
 
    5.1.6.1.7 Glass-metal interface: 
 
Figure 91 shows backscattered images of the glass-metal interface of MQM8 
(2.4 mol%) coating. The interface appears to be regular with no evidence of 
crystallization, porosity and bubbles. This image reveals that the visible 
thickness of the glass coating is about 91μm and the glass metal interface is 
roughly 3μm. 
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Figure 92 shows the line scan along the glass-metal interface. It can clearly 
be seen that some of the glass components diffused from the glass towards 
the metal and titanium moved in the opposite direction. Calcium has the 
highest diffusion rate of the glass elements at the glass-metal interface.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 91: Backscattered images of the glass-metal interface-MQM8 (2.4 mol%). 
  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Epoxy resin G Glass Ti 
Resin 
       
198 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
Figure 92: Cross section and associated line scan analysis of glass-metal interface-
MQM8 (2.4% mol). 
 
   5.1.6.2 Glass – metal interface: 
 
The glass composition of this series differs from the MgO series, as the 
concentration of MgO was kept constant at 14 mol% for the glass series. The 
base glass of the CaF2 series has a TEC that is slightly higher than that of 
titanium (11.4 versus 9.4-10.3x10-6 /oC) and wide sintering window. In 
addition, it contains a medium MgO concentration (14 mol%); therefore, it 
was chosen as a base for CaF2 glass series and to evaluate the effect of 
fluoride on glass-metal adhesion. 
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The attachment of MQM8 (2.4 mol%) and (9.11 mol%) was evaluated using a 
simple scratching technique and the result of the MQM8 (2.4 mol%) is more 
satisfactory than the MQM8(9.11 mol%) glass coating 
     
 
 
 
 
 
 
 
 
 
 
 
Figure 93: XRD patterns of pure titanium disk and detached glass coating-MQM8 (9.11 
mol%). 
 
In order to detect the presence of titanium silicide layer, which might be 
another factor that weaken the glass-metal adhesion, XRD analysis of the 
detached coating samples of MQM8 (9.11 mol%) was carried out. XRD 
analyses showed that the diffraction peaks are mainly associated with TiSi2 
rather than Ti3Si5, as shown in Figure 93. However, SEM-EDS analyses 
could not detect this layer.  
The inner surface of the glass coating was investigated using XRD to detect 
the presence of TiO2 layer. XRD analyses of the glass coating containing (2.4 
mol%) CaF2 revealed that the diffraction peaks are associated with brookite 
and anastase phases; whereas those observed in the XRD patterns of glass 
coating containing (9.11 mol%) CaF2 match that of brookite phase.  
 
    5.1.6.3 Bioactivity tests of CaF2 glass coatings: 
    5.1.6.3.1 pH changes: 
 
Figure 94A demonstrates pH changes of Tris-buffer solution as a function of 
soaking time. pH values decrease below the initial pH of Tris-buffer solution 
in the first three days. This trend was unexpected and might be associated 
with calibration drifting. Notably, fluoride still has effect on pH of the Tris-
buffer solution. This is evident from the higher pH value of MQM8 (2.4 mol%) 
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compared to that of MQM8 (9.11 mol%). It is obvious that the pH value of the 
solution containing MQM8 (9.11%) increased with time, but the final value 
was still below the initial pH value of the Tris-buffer solution.  
The pH variation of SBF after 1 month study is more pronounced compared 
to that of Tris-buffer solution. According to Figure 94B, MQM8 (2.4%) and 
(9.11%) glass coatings have almost the same pH value (7.8 and 7.7, 
respectively).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 94: pH variation of (A) Tris-buffer solution and (B) SBF of MQM8 (-2.4 mol%) 
&(-11.9 mol%)with soaking time.
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    5.1.6.3.2 Fluoride analysis: 
 
Fluoride measurements showed that there is a positive correlation between 
the concentration of fluoride released into the biological fluids and CaF2 
content, as demonstrated in Figure 95.  
The amount of fluoride released in Tris-buffer solution is higher than that 
released in SBF (32 and 3.73, respectively).  
  
 
 
 
 
 
 
 
 
  
 Figure 95: The effect of CaF2 on fluoride released in () Tris-buffer solution and () 
SBF. 
 
  
   5.1.6.3.3 ICP-OES of glass coatings: 
 
Figure 96 illustrates the ionic dissolution of MQM8 series in Tris-buffer 
solution and SBF as a function of CaF2 content. The concentration of Ca
2+ 
released increases in Tris-buffer solution. Phosphate and Mg2+ profiles, on 
the other hand, decreases with CaF2 content. The Si concentration slightly 
decreases and does not reach the solubility level. 
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Figure 96: Ionic dissolution of CaF2 glass coatings with CaF2 content in (A)Tris-buffer 
solution and(B) SBF. 
 
The ICP analyses after 1 month immersion in SBF is similar to the ionic 
dissolution of Tris-buffer solution. However, the trend of Ca2+ corresponds to 
a decrease with CaF2 content. The other feature of ionic dissolution of SBF is 
that the concentrations of other ions are higher than detected in Tris-buffer 
solution.  
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   5.1.6.3.4 XRD: 
 
In general, the XRD patterns of the MQM8 (2.4 mol%) and (9.11 mol%) glass 
coatings after immersion in Tris-buffer solution or SBF are similar to that of 
the initial coatings. Nonetheless, some changes were noted after SBF 
immersion compared with Tris-buffer solution, as shown in Figure 97. The 
XRD patterns of MQM8 (2.4 mol%) exhibited similar features to the initial 
glass coatings after immersion in Tris- buffer solution; however, the 
amorphous halo slightly shifts to high theta values. A similar feature was 
seen in the XRD pattern of the same glass after SBF immersion. In addition, 
the intensity increases in the range 15-25 theta values. This indicates that the 
glass underwent structural changes and a silica-gel layer formed after SBF 
immersion. XRD analyses of the diffraction peaks indicate that these peaks 
are associated with fluorapatite phases. 
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Figure 97: XRD patterns of glass coatings (A) MQM8 (2.4 mol%) and (B) MQM8 (9.11 
mol%) before and after immersion in Tris-buffer and SBF. 
 
 
XRD analyses of MQM8 (9.11 mol%) glass coating revealed that the intensity 
of diffraction peaks increases after immersion in Tris-buffer solution and SBF. 
Similar to the MQM8 (2.4 mol%) glass coating, the intensity at 15-25 theta 
values also increases and the amorphous halo disappears after SBF 
immersion. 
 
    5.1.6.3.5 FTIR: 
 
Figure 98 shows FTIR absorbance spectra of MQM8 (2.4 mol%) and (9.11 
mol%) after soaking in Tris-buffer solution. It can be seen a broad band at 
1036-932 cm-1, which is similar to that seen in the FTIR spectra of the initial 
glass coatings. This broad band denotes the general disorder of the glass 
structure and presence of various Qn species. However, these coatings 
showed different features at the low wave number (600-550 cm-1). MQM8 
(2.4%) showed a broad hump at 600-550 cm-1, whereas MQM8 (9.11%) 
exhibited two separate peaks. In fact, the latter feature of MQM8(9.11%) at 
610-550 cm-1 were seen in the initial glass coating; however, the peak at 556 
cm-1 was less developed compared with that seen after 1 month immersion.  
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Figure 98: FTIR spectra of glass coatings (A) MQM8 (2.4 mol%) and (B) MQM8 (9.11 
mol%) before and after immersion in Tris-buffer solution and SBF. 
 
The FTIR spectra of both glass coatings after SBF immersion are different 
from the spectra of Tris-buffer solution. The broad band seen in the spectra 
of the initial glass coating is replaced with single band at 1030 cm-1. This 
band can be assigned to silica-gel layer formation. In addition, two separate 
peaks at 610 and 565 cm-1 can be seen in the spectra of both glass coatings 
after SBF soaking. However, these features are more obvious in the spectra 
of MQM8 (9.11 mol%) coating than MQM8 (2.4 mol%).  
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   5.1.6.3.6 SEM-EDS: 
   5.1.6.3.6.1Tris-buffer study: 
 
SEM-EDS analyses of both glass coatings after 1 month immersion in Tris-
buffer solution were similar with the initial glass coatings. This indicates that 
these coatings were unable to form a Ca-P layer in Tris-buffer solution 
(results not shown).  
 
    5.1.6.3.6.2 SBF study: 
 
Figure 99 shows backscattered images of the glass-metal interface of MQM8 
(2.4 mol%) glass coating before and after 1 month immersion in SBF. It can 
be seen that this glass coating was unable to form a Ca-P rich layer after 1 
month immersion in SBF. However, a slight difference between the initial 
glass coating and immersed coating can be observed at the glass-metal 
interface (arrow). These changes might be due to the formation of silica-gel 
layer.  
 
Figure 99: Backscattered images of glass-metal interface before (A) and after (B) 
immersion in SBF- MQM8(2.4 mol%). 
 
Figure 100 illustrates line scan analysis across the glass-metal interface after 
SBF immersion. The line scan confirms that silica has the highest 
concentration among other glass elements, and this would be consistent with 
the silica-gel layer profile. Consistently, after this zone the line scan analyses 
reveals that the elemental distribution is even and similar to that of untreated 
glass coating.   
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Figure 100: Cross section and associated line profile analysis of glass coating-MQM8 
(2.4 mol%) after 1 month immersion in SBF showing SiO2-gel layer.   
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Figure 101: Backscattered images of glass-metal interface before (A) and after (B) 
immersion in SBF- MQM8 (9.11 mol%). 
 
SEM-EDS analyses of the glass-metal interface of MQM8 (9.11mol%) glass 
coating after 1 month immersion in SBF showed 15µm thick Ca-P rich layer 
(arrow), as shown in Figure 101. Figure 102 demonstrates the elemental line 
scan across the glass-substrate interface. The line scan reveals that this 
layer contains high Ca2+ and P concentrations, which corresponds to the Ca-
P rich layer.  
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Figure 102: Cross section and associated line scan analyses of glass-metal interface 
of glass coating MQM8 (9.11 mol%) showing a Ca-P layer after 1 month immersion in 
SBF. 
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    5.2 Discussion-CaF2 series  
    5.2.1 Differential scanning Calorimetry (DSC) 
   5.2.1.1 Effect of CaF2 on glass transition temperature (Tg): 
 
In fluoride-free glasses, bivalent calcium ions effectively form ionic bonds 
between two adjacent NBO.  When CaF2 is added, the hypothetical CaF
+ 
species are added to the silicate ions; as a result the electrostatic forces 
between NBOs reduce significantly resulting in a decrease in Tg (Brauer et 
al., 2009; Hayashi et al., 2002; Baak and Olander, 1955; Bills, 1963). 
Recent ssNMR, MD and ab Initio MD studies revealed that fluoride 
complexes calcium and sodium, rather than forms Si-F bonds in the glass 
(Brauer et al., 2009; Lusvardi et al., 2008; Christie et al., 2011). Therefore, 
CaF2 is added into the glass composition in this study instead of replacing it 
for CaO. This is to keep the network connectivity at 2.11. In the previous 
studies, CaF2 was substituted for CaO and Na2O (Lusvardi et al., 2008), 
therefore, the network connectivity increases considerably due to decreasing 
the number of NBOs.    
The results for Tg in this study are consistent with those found by (Brauer et 
al., 2009) where CaF2 was added up to 32.71 mol%. Calver et al., 2004 found 
similar results; however, in the Calver study CaF2 was replaced for CaO in A 
/ W glasses. (Hill et al., 1999; Stanton and Hill, 2000) found that Tg 
decreases with CaF2 content in calcium alumino-silicate glasses and apatite-
mullite glass-ceramics. The linear correlation between CaF2 and Tg and the 
good agreement with other studies indicate that fluoride is being retained in 
the glasses during glass- making procedure.   
 
5.2.1.2 Effect of CaF2 on peak crystallization (Tp) and sintering window: 
 
The shift in the temperature of peak crystallization is because the nucleation 
and crystallization of the glasses are influenced by fluoride content in the 
glass (Calver et al., 2004; Hill and Wood., 1992). It was thought that fluoride 
lowers the kinetics of crystallization by reducing the activation energy of 
crystallization; and promoting phase separation (Sujirote et al., 1998). 
Rafferty et al., 2000 stated that fluoride induces crystallization by behaving as 
a nucleating agent and stimulating crystallization of FA; or promoting mobility 
and rearrangement of glass network.  
The sintering window is the difference between onset of peak crystallization 
and glass transition temperature. In this temperature range the glass 
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particles undergo sintering without being crystallized. As explained, fluoride 
reduces the Tg and the temperature of peak crystallization. However, its 
effect on the temperature of peak crystallization is more than on the Tg. 
Hence, the sintering window decreases. The effect of the sintering window is 
very important in case of coating a metallic implants with bioactive glasses. 
The larger the sintering window, the easier it is to keep the amorphous. 
The presence of two crystallization peaks in the DSC plot of MQM8 (9.11 
mol%) may indicate that fluoride promotes amorphous phase separation. 
However, the DSC plot of QM8 (0) mol% shows a single peak crystallization 
with a less developed shoulder. This might indicate that the base glass is 
already phase separated. This would be expected as it contains two high-
valence ions (Si and P), which tend to concentrate in two different zones 
(Chen et al., 1998; El-Ghannam et al., 2001). However, the effect of phase 
separation might be less pronounced due to the low phosphate concentration 
in the base glass (4.7 mol %). Therefore and due to the addition of fluoride, 
the effect of phase separation is observed more clearly in MQM8-9.11mol%. 
Notwithstanding, the presence of two peaks in the DSC plot might be 
associated with two different phases or different crystallization mechanism, 
as discussed in chapter 4.   
   5.2.1.3 Effect of different heating rates: 
 
The effect of different heating rates on peak crystallization has been 
explained in chapter 4. The higher extrapolated values (Tg, Tp and Tpcon) of 
QM8 in comparison to MQM8 can be attributed to the effect of fluoride, as it 
reduces the energy barrier of the onset of peak crystallization and glass 
transition temperature. Similarly, the activation energy required for the onset 
of crystallization and peak crystallization of MQM8 glass is lower than that of 
original glass. These results were expected as fluoride is known to facilitate 
crystallization. 
    5.2.1.4 The effect of particle size on peak crystallization: 
 
The movement of peak crystallization with particle size indicates that these 
glasses underwent surface crystallization. This finding is consistent with that 
found by (Brauer et al., 2009; Stanton and Hill, 2000) with glasses of low 
fluoride content (<1.75 mol). An increase in the particle size reduces the 
surface area for nucleation, therefore increasing the temperature of 
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crystallization. It can also be seen that both peak crystallization (Tp1 and Tp2) 
are affected by particle size and indicated that both crystalline phases formed 
via surface nucleation. This finding is not consistent with that found by 
(Rafferty et al., 2000) where the first phase (fluorapatite) crystallized by bulk 
nucleation, whereas the second phase occurred by surface nucleation. In 
addition, (Rafferty et al., 2000) found that only glasses with a low fluoride 
content exhibit surface nucleation; whereas this glass contains relatively high 
fluoride content (4.7 mol%) and underwent surface crystallization. 
Furthermore, it was observed that the maximum height of the peak 
crystallization decreases with particle sizes for the MQM8 (4.7 mol%) glass. 
This is due to the decrease in the number of nucleation sites and as a result 
the heat produced from surface nucleation decreases with coarse particles 
(Ray and Day, 1996). This is further evidence of surface crystallization of 
fluoride containing glasses.   
In fact, this difference between QM8 (0%) and MQM8 (4.7 mol%) might be 
ascribed to the effect of fluoride and the conversion of Ca2+ to a (CaF+) 
species, which is no longer capable of ionically bonding of two NBOs. These 
species weaken the network connectivity and promote the mobility of the 
network; and hence, decreasing the energy barrier for crystallization.  
However, glasses containing (4.7, 11.5 and 13 mol%) CaF2 exhibited a clear 
feature of surface crystallization. Other glasses showed either that both 
particle sizes crystallized almost at the same temperature MQM8 (10.3 
mol%); or the small particles devitrified at high temperature compared to 
coarse particles MQM8 (2.4 and 9.11 mol%). This random behaviour of the 
effect of particle size along the glass series might be attributed to the 
sintering effect, as small particles sintered and their effect becomes similar to 
that of large particles.  
This means that some of the glasses in this series apparently underwent bulk 
crystallization (2.4 and 9.11 mol%) and the others crystallized by surface 
nucleation. However, it is difficult to interpret the crystallization of the glasses 
as homogenous or heterogeneous nucleation, as both these mechanisms 
occur concurrently and competitively (Ray and Day, 1996). This is despite 
the fact that the crystallization of most bioactive glasses occurs by surface 
crystallization (Arstila et al., 2005; Arstila et al., 2007).  
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    5.2.2. Dilatometry results 
    5.2.2.1. Glass transition temperature and softening point: 
 
The difference in the values of Tg obtained from dilatometry and DSC might 
be ascribed to the type of samples used, as glass powder was used in the 
DSC experiment; whereas the dilatometry experiments were run using cast 
rods. Furthermore, it is claimed that the Tg depends on cooling and heating 
rates of the samples (Mazurin, 2007). Hence, these differences between Tg 
obtained from dilatometry and DSC might be attributed to the differences in 
the sample preparation. During the cooling phase of casting the glass rod for 
dilatometry loses it’s free volume and hence the atomic mobility reduces and 
Tg increases.  
   5.2.2.2. Thermal expansion coefficient (TEC): 
 
The increase in TEC of this series is due to the fluoride, as the glass network 
becomes less compact and cross linked due to the effect of CaF2.  
Consequently, the glass structure expands easily during heat treatment.  
    5.2.3 Glass density: 
 
The proportional relationship between glass density and CaF2 content might 
be attributed to the effect of CaF2, as it causes expansion of the glass 
network due to the formation of weak double ionic bonds (as mentioned 
previously). Alternatively, this might be ascribed to the CaF2 like clusters as 
this compound has high density (3.18 g/cm3), which is higher than the density 
of the silicate glass (2.8 g/cm3). The atomic weight of fluorine is higher than 
oxygen whereas the atomic radius of a fluoride ion is less than that of an O2- 
ion (Assem, 2005). Th result of this series is in agreement with that found by 
(Brauer et al., 2008) where the density of glass series in the composition 
(SiO2-P2O5-CaO-Na2O-CaF2) also increased with CaF2 content.  
 
    5.2.4 Bioactivity test: 
   5.2.4.1. pH changes: 
 
The increase in alkalinity of the solution is very important for apatite 
formation. However, it is worth noting that the pH changes of Tris-buffer 
solution are less pronounced as it increases from 7.35 which is the initial pH 
of the solution to 7.56. The insignificant pH changes might be attributed to 
the effect of F- ions, as these ions exchange with OH- ions in the solution; 
thus reducing the high alkalinity produced by the exchange of alkali ions with 
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H+ of the solution. This finding is in agreement with that found by (Brauer et 
al., 2010; Mneimne et al., 2011).  
As discussed in chapter 4, SBF contains ions such as Ca2+, Mg2+ and PO4
3- 
and its composition is similar to human blood plasma; however, it has a lower 
buffering capacity than the Tris-buffer solution. For this reason the pH 
variation is more pronounced in SBF than Tris-buffer solution.  
The reduction in basicity of Tris-buffer solution with CaF2 content is probably 
due to ionic exchange of F- with OH- in the solution as discussed previously. 
These results disagree with that found by (Lynch et al., 2012; Brauer et al., 
2011) where the pH of Tris-buffer solution was not affected by fluoride 
concentration in the glass composition.   
Although the pH level of Tris-buffer solution and SBF after 1 month 
immersion is higher than that after 1 week, the pH values of the two solutions 
are almost equal. This feature is slightly different from that seen after 1 week 
immersion. Interestingly, fluoride measurement after 1 month immersion 
(discussed later) showed that the amount of fluoride released in Tris-buffer 
solution is higher than that released in SBF. Therefore, the difference 
between pH values of SBF and Tris-buffer solution after 1 month soaking 
was insignificant.  
 
    5.2.4.2. Fluoride-analysis 
    5.2.4.2.1 As a function of CaF2 content: 
 
The proportional correlation between released fluoride and CaF2 content 
after 1 week is not consistent with that found by (Brauer et al., 2010) and can 
be attributed to the formation of fluorite and apatite in their study; whereas in 
this study the XRD do not show clear evidence of apatite or fluorite formation 
with the time period of study. The glass compositions in this study contain 
ZnO, which is thought to have a negative impact on apatite formation. 
Although the profile of released fluoride in Tris-buffer and SBF was similar to 
that after 1 week, the amount of fluoride released in Tris-buffer was higher 
than SBF. XRD and FTIR spectra of the glass series did not show any 
evidence of apatite formation except MQM8 (2.4 mol%). Fluoride might form 
an insoluble compounds with other ions in the SBF. Therefore, less fluoride 
was detected by fluoride electrode in SBF compared with the Tris-buffer 
solution. 
       
215 
 
 
    5.2.4.2.2 Fluoride measurement with soaking time: 
 
The ionic dissolution in Tris-buffer and SBF with time indicates that the 
released fluoride was not consumed significantly for apatite deposition and its 
concentration increased with time.   
 
    5.2.4.3 ICP-OES analysis 
A- After 1 week immersion:  
The increase in Ca2+ concentration in Tris-buffer solution was expected, as 
the concentration of calcium in the glass composition increased after addition 
of CaF2. The decrease in Mg concentration because MgO content is reduced 
in the glass composition as the CaF2 content increased in the glass 
composition. However, the normalised values of Mg indicate that the addition 
of CaF2 has little, if any, effect on the ionic dissolution of other ions in the 
glass, 
The insignificant changes in Si content because the silica concentration was 
varying within a very narrow range (50-60) mg/L for all the glasses. Evidently, 
silica has reached the solubility limit at around 60 mg/L for all the glasses 
after 1 week. When silicon reaches this limit the phosphate concentration 
generally decreases, due to the precipitation of apatite (Brauer et al., 2010). 
Correspondingly, the amount of P released decreases with CaF2 content; 
however there is no other evidence of apatite formation. Therefore, there are 
two explanations for the P reduction: firstly the P2O5 content of the glass 
decreased as CaF2 was added. Secondly, the phosphorus might be 
precipitated in the form of an amorphous calcium phosphate layer, which is 
thought to act as an apatite precursor. This second explanation is consistent 
with the FTIR spectra which showed a broad peak in the range 600-550 cm-1 
(will be discussed in the FTIR section). 
The concentration of (Ca2+, P and Mg2+) ions detected in SBF is higher than 
that in Tris-buffer solution. Again this is because these ions (Ca2+, P and 
Mg2+) are included in the chemical composition of SBF. Interestingly, the 
concentration of Si in SBF cannot be detected by ICP. This could be 
attributed to the initial Mg concentration in SBF, which affects glass 
dissolution and degradation. 
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B- Ionic dissolution after 1 month study: 
The ionic dissolution in SBF was similar to that after 1 week. However, there 
was an insignificant change in P concentration. Since XRD and FTIR spectra 
of these glasses did not show apatite formation (discussed later), this ion 
could be incorporated into the amorphous Ca-P layer. After 1 month 
immersion in Tris-buffer solution, the normalised values denote that Mg2+ was 
affected by the CaF2 content in the glass.  
The trends of (Ca2+, P, Mg2+ and Si) indicate that there is no significant 
reduction in the concentrations of these ions in Tris-buffer solution with time. 
As a matter of fact, these trends suggest that these ions were not consumed 
for apatite formation; instead, they might be consumed for amorphous Ca-P-
Mg layer precipitation. This is evident from XRD and FTIR spectra of these 
glasses, that these techniques showed certain structural changes without 
providing a clear evidence of apatite formation. 
The SBF observation with time denotes that P might be incorporated into the 
amorphous Ca-P layer. 
 
   5.2.4.4 XRD: 
 
The shifting in amorphous halo denotes that the glass underwent degradation 
and hydrolysis after 1 week immersion in Tris-buffer and SBF. In other words, 
a silica-gel layer was formed which is an ion-depleted layer that causes the 
shifting in the amorphous halo position. This result is inconsistent with that 
found by (Brauer et al., 2010) where the amorphous halo shifts to lower two 
theta values after 3 days, 1 and 2 weeks SBF immersion. However, there are 
no diffraction peaks that indicate apatite formation had occurred in this study.  
The analyses after 1 month soaking in Tris-buffer revealed that the glass 
underwent structural changes with no evidence of apatite formation. 
The same profile has been seen after 1 month immersion in SBF apart from 
MQM8 (2.4 mol%). It is claimed that the process of apatite deposition is pH 
dependent (Lu and Leng, 2005). Furthermore, fluoride reduces the pH of the 
solution by replacing the OH- group (Brauer et al., 2010).  Therefore and due 
to the low fluoride content of this glass MQM8(2.4%), the pH value of the 
solution containing MQM8 (2.4%) was higher than other glasses; and this 
glass was able to form apatite in SBF.  Therefore, the inability of other 
glasses to form apatite might be associated with the high fluoride content 
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rather than MgO content. This result contradicts that found by Brauer et al., 
2011 who stated that the silicate phase has more influence on pH of the 
solution than the fluoride content. 
 
    5.2.4.5 FTIR: 
 
The FTIR spectra after 1 week and 1 month immersion in Tris-buffer solution 
and SBF indicate that these glasses underwent structural changes with no 
evidence of apatite formation. In accordance with XRD, FTIR spectra of 
MQM8 (2.4%) exhibited two split peaks at 600-550 cm-1. This confirms that a 
layer of apatite was formed on the glass surface after 1 month immersion in 
SBF. This implies that high fluoride concentration in the glass composition 
might have adverse effect on apatite formation.  
 
   5.2.5. Coating of CaF2 series: 
   5.2.5.1 Characterization of Initial glass coating: 
   5.2.5.1.1 XRD: 
 
The glass coatings of this series were expected to crystallize with CaF2 
content during firing cycle. This is due to the narrowing of the sintering 
window of these glasses with fluoride concentration, as discussed previously. 
However, the sintering window of the glasses containing high fluoride content 
namely (11.5 and 13 mol%) is close to 100 oC. 
The XRD analyses of MQM8 (2.4 and 9.11 mol%) glass coatings denote that 
a fraction of the glass powder underwent crystallization during the coating 
procedure. However, the structure of MQM (9.11 mol%) tends to be more 
crystalline compared to MQM8 (2.4 mol%). This is due to the effect of 
fluoride, as this element reduces the energy barrier for crystallization and 
promotes crystallization, as discussed in section 5.2.1.2.  
The explanation of the differences in the optical appearance is based on 
XRD findings. The glass coating with low CaF2 content (2.4 mol%) preserved 
its amorphous structure during the coating procedure, as XRD patterns show 
amorphous halo with few low intensity diffraction peaks. While the XRD 
patterns of MQM8 (9.11 mol%) indicate that this coating almost fully 
crystallised during firing cycle. Therefore, the crystal size in the glass coating 
(2.4 mol%) is below the wave length of the light, as it is less crystallized than 
MQM8 (9.11 mol%). Thereby, the glass coating (2.4%) appears transparent 
visually. The XRD analysis of MQM8 (2.4) and (9.11%) indicate that the 
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crystallization is associated with an apatite phase, which cannot be identified 
precisely due to the difficulties in differentiating between HA and FA by XRD. 
 
   5.2.5.1.2 XRD of failed coatings: 
 
The failure of glass coatings containing (11.5 and 13 mol%) is due to 
crystallization of these coating during the firing cycle, which interferes with 
viscous flow sintering. The large difference between TEC of these glass 
coatings and titanium substrates is the likely reason behind detachment of 
these coatings.  These results are not in agreement with those of (Zhang et 
al., 2006) who claimed that incorporation of fluoride into the coating improves 
the coating-metal adhesion.  
The difficulties encountered during identification of the actual crystal phase is 
due to the presence of more than one phase; and shifting of peak positions 
due to the thermal strain developed during coating procedure and possible 
solid solution phases forming.  
 
    5.2.5.1.3 FTIR: 
 
The difference between glass powder and glass coatings at 1023-937 cm-1 
might be attributed to the effect of thermal treatment or the amount of infrared 
absorbed by the glass coating, as the texture of the glass coating is different 
from the glass powder. The differences between the spectra of the glass 
coatings and glass powder at 610-550 cm-1 imply that a fraction of glass 
coating underwent crystallization during the coating process. The latter 
feature is more obvious in the FTIR spectra of MQM8 (9.11 mol%) compared 
to MQM8 (2.4 mol%). This is again due to the effect of fluoride, as it 
promotes crystallization.  
XRD and FTIR absorbance spectra of both glass coatings (2.4 and 9.11 
mol%) are consistent, as both analyses indicate that these glass coatings 
have amorphous and crystalline structure.  
 
    5.2.5.1.4 FTIR of failed coating: 
 
The distortion seen in the FTIR spectra of failed glass coatings might be 
ascribed to the effect of thermal strain. In general, the FTIR features of the 
glass coatings MQM8 (11.5 and 13 mol%) are consistent with XRD patterns 
and indicate that these glass coatings crystallized during coating process. 
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    5. 2.5.1.5 Scanning electron microscopy(SEM-EDS): 
A- Glass coating surface: 
As discussed before, the TEC of these glasses (CaF2 series) increases with 
CaF2 content. Therefore, the presence of cracks was expected due to the 
thermal stresses generated during cooling phase of the coating process.  In 
contrast, the presence of pores indicates that the viscous flow sintering was 
performed effectively and efficiently. Although few diffraction peaks were 
detected by XRD of the coatings, SEM images did not show evidence of 
crystallization. This might be attributed to the size of crystal.  
The high concentration of calcium and silica that is detected by line scan 
analysis was expected, as both of these elements have high concentrations 
in glass composition. The line scan analysis cannot detect fluoride. This 
might be attributed to the low atomic weight of fluorine compared with other 
elements in the glass composition. 
 
B- Glass-metal interface: 
 
The high diffusion rate of calcium at the glass-metal interface may be 
attributed to the higher concentration of this element in the glass composition 
due to the addition of CaF2. The elemental diffusion between the two phases 
might reduce the effect of the difference between the TEC of the glass 
coating and titanium substrate; and consequently improves the adhesion 
between the two phases.  
   5.2.5.2 Glass – metal interface: 
 
Many studies have suggested that fluoride improves the glass coating-metal 
adhesion (Zhang et al., 2006, 2008; Wang et al., 2009). It is thought that the 
mechanism by which fluoride improves the adhesion between the coating 
and substrate is through reduction of the residual stresses at the interface 
(Zhang et al., 2007). In addition, fluoride develops the chemical bonds at the 
coating-metal interface, thus increasing the coating-metal adhesion (Hsieh et 
al., 2002; Montenero et al., 2000; Cheng et al., 2005). However, the results of 
glass powder characterization of this study showed that fluoride has a 
detrimental effect on the viscous flow sintering, and presumably glass-metal 
adhesion directly or indirectly. It is well-known that fluoride promotes 
crystallization of the glasses. The crystallization of the glass causes an 
increase in glass viscosity and inhibits viscous flow sintering (Bellucci et al., 
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2010). In addition, lowering the temperature of peak crystallization decreases 
the sintering window as explained in section (5.2.1.2). This is evidenced from 
XRD patterns of MQM8 (2.4%) and (9.11 mol %), as both these glasses 
underwent crystallization during the coating procedure, despite these glasses 
having a large sintering window (more than 100 oC).  
Furthermore, as discussed in section (5.2.2.2), the TEC of the CaF2 series 
increases with CaF2 content. Therefore, it was expected that the glass-metal 
adhesion would be poor and detachment of the coating from the underlying 
substrate is more likely. However, SEM-EDS analyses showed that the glass 
elements diffused into the titanium, and titanium moved in the opposite 
direction. This phenomenon might reduce the effect of the differences in TEC 
between the glass coating and the titanium substrate. However, fluorine was 
not detected by the elemental line scan. Therefore, fluoride might have no 
positive influence on the chemical bond between the glass coating and 
titanium substrate. Therefore, the glass- metal adhesion of MQM8 (2.4 mol%) 
is better than MQM (9.11 mol%). 
The inability of SEM to detect Ti3Si5 layer might be attributed to the fact that 
the size and thickness of this layer is below the detection level of SEM-EDS; 
or it may have been removed with the detached coating sample. 
Furthermore, SEM images showed no evidence of porosity in the vicinity of 
the glass-metal interface, which is considered as an indication of a titanium 
silicide layer (O’Flynn, 2009). Therefore, the relatively weak glass-metal 
bonding of MQM8 (9.11 mol%) might be ascribed mainly to the effect of 
fluoride and to a lesser extent to the titanium silicide layer. 
The differences in the type of TiO2 layer of the two glass coatings might be 
ascribed to the difference of the CaF2 concentration of these glass coatings 
(2.4 and 9.11 mol%). However, probing the inner surface of the glass 
coatings to quantify the TiO2 layer is required, as the thickness of this layer 
has an influence on the glass-metal adhesion.  
  
    5.2.5.3 Bioactivity tests of CaF2 glass coatings: 
    5.2.5.3.1 pH changes: 
 
Many studies reported that bioactive glasses raise the pH of the aqueous 
medium (Brauer et al., 2010; Mneimne et al., 2011; Aina et al., 2009). 
However and as discussed in the previous (MgO series) chapter the 
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dissolution rate of the glass coating is different from the glass powder. This is 
attributed to the differences in the surface area of the glass powder and the 
glass coating. In addition to that, the composition of these glass coatings 
contains fluoride, which can replace OH- group in the solution and 
subsequently reduce the alkalinity of the solution (Brauer et al., 2010).  
The low pH values of Tris-buffer solution containing MQM8(9.11 mol%) glass 
coating might be attributed to the structure of the coating, as XRD analyses 
of this coating showed more intense diffraction peaks than MQM8 (2.4 
mol%). These diffraction peaks match that of FA. 
The pH value of SBF is more pronounced than Tris-buffer solution, explained 
previously.  The results of pH measurement indicates that fluoride has little, if 
any, effect on the pH of SBF and probably the silicate phase still has more 
influence on the pH of the solution. These results are in an agreement with 
that found by (Lynch et al., 2012) where pH did not change with CaF2 and 
SrF2 content in the glass, despite there being a linear correlation between the 
fluoride release and CaF2 and SrF2 content. 
 
   5.2.5.3.2 Fluoride analysis: 
 
The positive correlation between the released fluoride and CaF2 content was 
expected as fluoride complexes calcium rather than entering the silicate 
network (Brauer et al., 2009; Lusvardi et al., 2008; Christie et al., 2011). 
Fluoride might form less soluble compounds with other ions in SBF; hence its 
concentration in SBF is less than that in Tris-buffer solution.   
As discussed previously, fluoride released from a glass matrix exchanges 
with OH- group in the solution. Therefore, this finding explains the low pH 
values of Tris- buffer solution compared to that of SBF. However, the 
difference between the pH values of Tris-buffer solution containing MQM8 
(9.11 mol%) and MQM8 (2.4 mol%) is insignificant (7.2 versus 7.4). This 
implies that the amount of fluoride released has less effect on the pH value of 
the solution compared with the influence of silicate phase (Brauer et al., 
2011; Lynch et al., 2012).  
 
   5.2.5.3.3 ICP-OES of glass coatings: 
 
The increase of Ca2+ concentration in Tris-buffer solution is expected as the 
concentration of Ca increased in the initial glass composition. The decrease 
in P concentration might be due to incorporation of this ion into the Ca-P rich 
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layer. The P trend indicates that the coating which contains higher CaF2 
content consumes more P compared with low CaF2 containing coating. This 
result is consistent with FTIR spectra of the glass coating (9.11 mol%), as it 
showed a feature of apatite after 1 month immersion. The decrease in 
magnesium concentration is because the concentration of Mg in the initial 
glass composition reduces after addition of CaF2, or Mg
2+ might be 
incorporated into the Ca-Mg-P layer. Silica concentration does not reach the 
solubility level and deceases slightly with CaF2 content.  
The decrease of Ca2+ after 1 month immersion in SBF suggests that Ca2+ 
could be incorporated into the Ca-P rich layer. This is evident from XRD and 
FTIR spectra of these glass coatings, as MQM8 (9.11%) coating showed 
features of apatite formation after 1 month immersion in SBF. The differences 
in elemental concentrations between SBF and Tris-buffer solution are due to 
differences in the chemical composition of these solutions. 
    5.2.5.3.4 XRD: 
 
The XRD features indicate that the glass coatings underwent structural 
changes after immersion in Tris-buffer solution, and possibly the crystal 
phases that developed after the coating process have grown after SBF 
immersion.  
   5.2.5.3.5 FTIR: 
 
The FTIR spectra after immersion in Tris-buffer suggest that the crystal 
phases that formed during the coating procedure have grown and they 
consumed the ions released from glass coating into the solution. The 
differences in the FTIR spectra of MQM8 (2.4 mol%) and (9.11 mol%) is 
attributed to the difference in the fluoride concentration; and imply that 
fluoride promotes the formation or growth of apatite phases.  
The FTIR spectra of both glass coatings after SBF immersion indicate that 
the glass coatings underwent structural changes, which led to the 
precipitation of Ca-P rich layer.  
 It is worth noting that the XRD and FTIR spectra of the glass powder of the 
coating MQM8(9.11 mol%) did not show clear evidence of apatite formation 
after 1 month immersion in Tris-buffer solution and SBF. This suggests that 
the crystal phases observed in the glass coating after immersion in the 
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biological fluids is due to the development of the crystal phases during firing 
cycle.  
The results of FTIR are consistent with the XRD analyses of both glass 
coatings. The glass coating with medium fluoride concentration tends to be 
more bioactive in Tris-buffer solution and SBF compared with the coating 
contains low fluoride concentration (2.4 mol%).  
 
    5.2.5.3.6 SEM-EDS: Tris buffer& SBF 
 
The SEM-EDS results of the glass-metal interface are consistent with the 
XRD and FTIR spectra of MQM8 (2.4 mol%) and (9.11 mol%) glass coatings, 
as these techniques showed features of silica-gel layer formed on the former 
and features of apatite precipitated on the latter after SBF immersion. SEM-
EDS analyses of both glass coatings did not show features of a Ca-P layer 
after immersion in Tris-buffer solution. 
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   6. MgF2 series   
   6.1 Results- MgF2 series 
   6.1.1 Introduction: 
 
In this series, MgF2 (1 mol%) and MgO (2.13 mol%) were totally substituted 
for ZnO in the initial glass composition of the MgO glass series. Therefore, 
the concentration of magnesium increases in the chemical composition of 
this series up to 22.13 mol%. The concentration of fluoride, on the other 
hand, remained constant at 1 mol%.  
For this reason, thermal properties, structure (density) and bioactivity of 
these glasses and glass coatings will be discussed as a function of MgO 
content.  
 
   6.1.2 X-ray diffraction (XRD): 
 
All the glasses of the MgF2 series showed an amorphous halo and no 
evidence of any diffraction peaks as shown in Figure 103. This indicates that 
the glasses have an amorphous structure. The maximum in the amorphous 
halo is situated at (29-31o, 2θ) and there is no change with increasing MgO 
content.  
Optically, these glasses appeared transparent and colourless. This implies 
that these glasses did not undergo phase separation, or the phase 
separation below the light scattering dimension.  
Figure 103: XRD diffraction patterns of MgF2 glasses with different MgO content 
(mol%).  
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   6.1.3 Differential scanning calorimetry (DSC): 
   6.1.3.1 Effect of MgO on glass transition temperature (Tg): 
 
Figure 104 describes the effect of MgO on glass transition temperature (Tg) 
of the MgF2 and MgO series. The Tg decreases of both series with MgO 
content. However, the Tg values of MgO glasses are higher than that of MgF2 
series. 
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Figure 104: Effect of MgO content on Tg of MgF2 glasses () and MgO 
series ().  
 
6.1.3.2 Effect of MgO on peak crystallization and the sintering 
window: 
 
Figure 105 illustrates the effect of MgO on the peak crystallization of MgF2 
and MgO glass series.  A positive correlation between the temperature of 
peak crystallization and MgO content can be seen. However, the Tp values of 
MgO glasses are higher than that of MgF2 series. 
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Figure 105: Effect of MgO content on peak crystallization of MgF2 () and MgO 
() series. 
 
 
Figure 106 shows DSC traces of initial glass QM7 (11 mol%) and QMF7 
(13.13 mol%). It can be observed that the sintering window of the initial glass 
(QM7) is wider than that of QMF7 (217 versus 171).  
Table 11 details the sintering window of the MgO and MgF2 series. It can be 
seen that the sintering window of MgF2 series is lower than that of MgO 
series. However, this trend changed for glasses with high MgO content 
(QM10-18 mol% and QM11-20 mol%).  
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Figure 106: DSC plots of QM7 (11 mol%) and QMF7(13.13 mol%). 
 
Thermal 
Analysis 
QMF5 
9.93% 
QMF9 
11.13% 
QMF7 
13.13% 
QMF8 
16.13% 
QMF6 
18.93% 
QMF10 
20.13% 
QMF11 
22.13% 
Tpcon – 
Tg 
(MgF2) 
158 162 171 172 171 200 197 
Tpcon –Tg 
(MgO) 
183 237 218 231 176 200 186 
 
                              Table 12: Sintering windows of MgF2 and MgO glasses. 
 
 
 
   6.1.3.3 Effect of heating rates on peak crystallization: 
 
Figure 107 shows the effect of different heating rates on peak crystallization 
of QMF9 (11.13 mol%). It can be seen that the peak crystallization shifts to 
higher temperature with increasing the heating rate.  
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Figure 107: Effect of different heating rates on peak crystallization-QMF9 (11.13 
mol%). 
 
Based on the data obtained from running DSC experiments at different 
heating rates namely (10, 20, 30 and 40oC/min.), the activation energy and 
the extrapolated values of the onset for peak crystallization, peak 
crystallization and Tg were calculated according to Marotta equation (chapter 
4). Figure 108 shows the plot of activation energy of glass transition 
temperature and the onset for peak crystallization of the QMF7 (13.13%) 
glass.  
Table 13 compares the extrapolated values and activation energy for QM7 
(11 mol%) and QMF7 (13.13 mol%). According to this table, the extrapolated 
values and the activation energy of the onset for peak crystallization of QM7 
(11 mol%) are higher than that of QMF7 (13.13 mol%).  
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Figure 108: Samples of activation energy (Ea) plot for Tg and Tpcon –QMF7- (13.13 
mol%). 
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Table 13: Thermal properties of QM7 (11 mol%) and QMF7 (13.13 mol%) MgO glasses. 
            
                                         
               
   6.1.3.4 Effect of particle size on peak crystallization: 
 
Figure 109 shows the effect of particle size on the peak crystallization 
temperature of QMF5 (9.93 mol%) glass. It can be observed that the 
temperature increases with particle size.   
 
 
 
 
 
 
 
 
 
 
 
Figure 109: Effect of particle sizes on peak crystallization-QMF5 (9.93 mol%). 
 
Thermal 
properties 
QM7 
(11%) 
QMF7 
(13.13%) 
EaTpcon 
(kJ/mol) 
829 427 
Ea Tp(kJ/mol) 329 332 
Ea Tg(kJ/mol) 615 824 
Tpcon0 
 
/°C 829 778 
Tp0 /°C 830 790 
Tg0/°C 612 607 
Sintering 
window 
217 171 
<45 µm 
>45 µm 
-60
-50
-40
-30
-20
-10
0
10
400 500 600 700 800 900 1000
H
e
a
t 
F
lo
w
(m
c
a
l/
s
e
c
) 
Temperature(°C) 
       
231 
 
The movement of peak crystallization temperature with particle size was 
seen in the DSC traces of all the glasses of this series, as shown in Figure 
110.  
 
 
 
 
 
 
                            
 
 
                               
              
 
 
              Figure 110: Effect of particle sizes on peak crystallization of MgF2 glasses.  
 
    6.1.4 Dilatometry  
    6.1.4.1 Glass transition temperature (Tg): 
 
Figure 111 illustrates the effect of MgO on glass transition temperature 
obtained from dilatometry. It can be seen that the Tg decreases with the MgO 
content. This trend is consistent with that of Tg obtained from DSC, as shown 
in Figure 112. The effect of MgO on Tg obtained from dilatometry of MgO and 
MgF2 series is demonstrated in Figure 113. It can be seen that the Tg of both 
series decreases with MgO content. However, the Tg values of MgF2 glasses 
are higher compared with that of MgO series; and the differences between 
the Tgs of both series increase with MgO content.  
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                                Figure 111: Effect of MgO on Tg() and Ts().  
 
 
 
 
 
 
 
 
 
 
 
 
      Figure 112: Effect of MgO on the Tg obtained from dilatometry () and DSC (). 
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       Figure 113: Effect of MgO on the dilatometry Tg of MgF2 () and MgO series (). 
 
 
   6.1.4.2 Effect of MgO on softening point (Ts):  
  
A positive correlation can be seen between the MgO content and softening 
temperature, as illustrated in Figure 111. 
  
   6.1.4.3 Thermal expansion coefficient (TEC): 
 
According to Figure 114, the TEC is inversely proportional with the MgO 
content. The trends of TEC of MgO and MgF2 series are consistent. 
Nevertheless, the TEC of the MgF2 glasses are higher than that of MgO 
series. 
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Figure 114: Experimental TEC of MgF2 () and MgO glasses () as a function of MgO 
content (100-500 
o
C).  
                                              
    6.1.5 Density of glass: 
 
Figure 115 illustrates the effect of MgO on the bulk density of MgF2 and MgO 
series. It can be clearly seen that by increasing the MgO content the density 
of MgF2 glasses decreases. However, the density of MgO glasses is higher 
than that of the MgF2 series. 
 
 
 
 
 
 
 
 
 
 
 
 
       Figure 115: Effect of MgO on the glass density of MgF2 () and MgO () series. 
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    6.1.6 Bioactivity test: 
  
The glasses of this series were classified according to MgO content into low, 
medium and high MgO containing glasses. The apatite-forming ability of the 
MgF2 series was studied after 1 week immersion in Tris-buffer solution and 
SBF. The glasses containing low and medium MgO content were studied 
after 3 days in SBF. The bioactivity of the high (≥16.13 mol%) magnesium 
containing glasses was evaluated after 1 month in Tris-buffer solution and 
SBF, as these glasses failed to form apatite in physiological fluids after 1 
week immersion.   
 
   6.1.6.1 pH changes: 
 
A- 7 and 3 days study: 
Figure 116A shows pH changes of Tris-buffer solution with time after 1 week 
immersion. It can be clearly seen that pH of the glasses increases rapidly 
during the first two days. Then this increases more slowly, to reach the final 
value at 7.82 at the end of the week. The low magnesium containing glasses 
(9.93 and 11.13 mol%) exhibit the highest pH values.  
Figure 116B shows pH changes with soaking time after 1 week immersion in 
SBF. Although pH variations of SBF are almost identical to that in Tris- buffer 
solution, it can be observed that pH increases fairly rapidly during the week 
without interruption. However, pH of the solution of high magnesium 
containing glasses increases at a slower rate compared with the pH of the 
low magnesium content glasses. At the end of the week, the pH reaches the 
maximum value (7.8), which is assigned for the glasses with low magnesium 
content namely (9.93 and 11.13 mol%). 
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Figure 116: pH changes with immersion time (A)Tris-buffer solution and (B)SBF- 1 
week. 
 
 
The pH behaviour of Tris-buffer solution and SBF with MgO content has been 
investigated. The results showed that the pH values decrease with increasing 
MgO content. Figure 117 shows the effect of MgO content on pH of SBF after 
7 days immersion. 
 
7.2
7.3
7.4
7.5
7.6
7.7
7.8
7.9
8
8.1
0 2 4 6 8
p
H
 
Time/days 
9.93%
11.13%
13.13%
16.13%
18.93%
20.13%
22.13%
B 
7.3
7.4
7.5
7.6
7.7
7.8
7.9
8
8.1
0 2 4 6 8
p
H
 
Time/days 
9.93%
11.13%
13.13%
16.13%
18.93%
20.13%
22.13%
A 
       
237 
 
    
 
 
 
 
 
 
 
 
 
 
 
         Figure 117: pH changes of SBF as a function of MgO content /1 week.  
                               
The glasses containing (9.93, 11.13, 13.13 and 16.13 mol%) MgO that 
formed apatite after 7 days were immersed in SBF for 3 days. This is to 
investigate their ability to precipitate a calcium orthophosphate layer at a 
shorter incubation period. The pH increases steadily with the four glasses 
from the initial pH (7.24) to the final pH (7.73). The highest pH is found for 
(9.93 mol%); whereas (16.13 mol%) has the lowest pH value, which contains 
a relatively high MgO content in this study. Similar to the 7 days immersion in 
SBF study, the pH profile decreases with increasing MgO concentration 
(Results are not shown). 
 
B- 1 month study:  
The pH of the Tris-buffer solution with immersion time increases steadily from 
the initial pH value (7.32) to the maximum value (8.22). The four glasses 
have almost the same maximum pH value. 
The pH of the SBF showed a similar profile to that of Tris-buffer solution, 
however, it increases from 7.35 to 8.52, as illustrated in Figure 118. It can be 
noted that pH of SBF is higher compared with the pH of Tris-buffer solution.  
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F
              Figure 118: pH changes of SBF with soaking time-1 month.  
 
The effect of different MgO concentrations on the pH of the Tris-buffer 
solution and SBF has been investigated as well. The results showed that 
there are no specific pH trends and the pH changes were minimal (results 
are not shown).  
 
    
   6.1.6.2 Fluoride analysis: 
   6.1.6.2.1 As a function of MgO content: 
 
Figure 119 represents the amount of fluoride released from the glasses as a 
function of MgO content in Tris-buffer solution and SBF. It can be observed 
that there is a positive correlation between the concentration of fluoride 
released and MgO content. This is despite the fact that the concentration of 
MgF2 remained constant at 1 mol% along the glass series. However, it is 
worth noting that the concentration of fluoride detected in Tris-buffer solution 
is slightly higher than SBF.  
The profile of fluoride concentration in SBF after 3 days immersion is not 
different from that after 7 days. However, the maximum fluoride concentration 
detected by fluoride electrode was 3 mg/L, which is lower than that measured 
after 1 week (9 mg/L). (Results are not shown). 
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Figure 119: Ionic dissolution of fluoride with MgO content in (A) Tris-buffer solution 
and (B) SBF/1 week. 
 
 
Figure 120 shows ionic dissolution of fluoride in Tris –buffer solution and SBF 
after 1 month immersion. As mentioned previously, the glasses that have 
been chosen for 1 month study only those that exhibited inability to form 
apatite after 3 and 7 days immersion in Tris-solution and SBF. These glasses 
contain high MgO content compared with other glasses of this series. 
-1
0
1
2
3
4
5
6
7
8
9
10
9 11 13 15 17 19 21 23
F
 c
o
n
c
e
n
t.
 (
m
g
/L
) 
MgO mol% 
0
1
2
3
4
5
6
7
8
9
10
9 11 13 15 17 19 21 23
F
 c
o
n
c
e
n
t.
 (
m
g
/L
) 
MgO mol% 
A 
B 
       
240 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 120: Ionic dissolution of fluoride with MgO content in Tris-buffer solution () 
and SBF ()/ 1 month. 
 
 The trend of ionic dissolution of fluoride in Tris-buffer solution is similar to 
that after 1 week immersion. However, the amount of fluoride detected is 
lower than that after 1 week immersion in Tris solution. On the other hand, 
the amount of fluoride released in SBF decreases with MgO content. 
                 
 
    6.1.6.2.2 Fluoride measurement with time: 
 
Figure 121 shows fluoride trends in Tris-buffer solution and SBF with soaking 
time after 7 and 30 days. Evidently, the initial dissolution rate of fluoride is 
high then the rate decreases dramatically with immersion time. Additionally, 
this figure shows also that the glasses with high MgO content have higher 
fluoride dissolution rates compared with the low MgO containing glasses. 
Interestingly, the dissolution rate of fluoride of QMF8 (16.13 mol%) in SBF is 
higher than that after immersion in Tris-buffer solution.   
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Figure 121: Fluoride dissolution in (A) Tris-buffer solution and (B) SBF with 
soaking time (7 & 30).  
 
 
 
 
 
 
 
 
 
 
 
 
 
    Figure 122: Fluoride dissolution in SBF with soaking time (3 & 7) days. 
         
The dissolution rate of fluoride after 3 and 7 days immersion in SBF of the 
glasses containing low and medium Mg with immersion time was studied, as 
shown in Figure 122. The profile of fluoride released in SBF after 3 and 7 
days is quite different from that after 7 and 30 days. The initial dissolution 
rate of fluoride is very high of the glasses. Following that, the rate of low Mg 
containing glasses (9.93% and 11.13 mol%) slightly decreases. The rate of 
fluoride extraction of other glasses is continuously increasing with time.  
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    6.1.6.3 ICP- OES analysis: 
    6.1.6.3.1 As a function of MgO content: 
 
 Figure 123 illustrates the ionic dissolution of the MgF2 glasses in Tris-buffer 
solution after 1 week immersion. The calcium concentration decreases with 
MgO content. In contrast, the trend of Mg and phosphate correspond to 
increase with MgO content. Similarly, the ionic dissolution of Si in Tris-buffer 
solution increases slightly with MgO content.  
 
        
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 123: Ionic dissolution of MgF2 glasses in Tris-buffer solution with MgO content-
1 week. 
 
In order to eliminate the influence of the glass composition on the ionic 
dissolution, the normalised values were calculated as explained in the 
previous chapters. The normalised values of the ionic dissolution in Tris-
buffer solution are similar to the actual ICP values. However, the trend of Mg 
corresponds to decrease in the solution instead of being increased. Table 14 
and Figure 124 demonstrate the normalised values and the ionic dissolution.   
 
 
 
 
 
       
 
Table 14: Calculated values of Si,Ca, Mg,P assuming that 100% of glass dissolved in 
50 ml solution (p.p.m). 
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MgO mol% 
Ca
Si
Mg
P
Glasses Ca P Mg Si F
QMF5 (9.93) 684 126 75 472 12
QMF9 (11.13) 551 135 154 507 13
QMF7 (13.13) 640 129 102 484 12
QM8F (16.13) 595 132 128 496 13
QMF6 (18.93) 668 128 85 477 12
QMF10(20.13) 539 139 150 519 13
QMF11(22.13) 500 139 185 521 13
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Figure 124: Ionic dissolution of MgF2 glasses with MgO content after 1 week 
immersion in Tris-buffer solution based on normalised values. 
 
 
The ionic dissolution of the MgF2 series after 1 week immersion in SBF is 
similar to that of Tris-buffer solution. However, it is worth noting that the 
concentration of Ca2+ and P that detected by ICP was higher than that 
measured in Tris-buffer solution. In addition, the concentration of released Si 
is fairly close to the solubility level (60 mg/L). Similar profile has been 
observed after 3 days immersion in SBF. 
As explained previously, the glasses that failed to form apatite after 7 days 
immersion in Tris-buffer and SBF were selected to evaluate the bioactivity 
after 1 month immersion in these solutions. The trends of ionic dissolution of 
these glasses are not different from the previous studies (3 and 7 days). 
However, the concentration of P is almost equal to zero.  
 
 
   6.1.6.3.2 As a function of immersion time: 
 
Figure 125 represents the ionic dissolution of the glasses after 3 and 7 days 
immersion in SBF with soaking time. The trend of calcium with immersion 
time implicates that the dissolution of this ion increases during the first 3 days 
and then tends to level off. The concentration of P is different from Ca2+, as it 
decreases with soaking time. Interestingly, this profile indicates that the 
glasses containing low magnesium content (9.93, 11.13 and 13.13 mol%) 
have the lowest P concentration in the solution. The profile of magnesium 
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signifies that the initial dissolution rate was high and then level off with time. 
In contrast, the dissolution rate of Si increases with time.  
 
 
Figure 125: Changes in elemental concentrations of SBF due to soaking of MgF2 glass 
series after 3&7 days. 
 
The initial dissolution rate of Ca2+, Mg2+ and Si in Tris-buffer solution after 1 
month corresponds to the increase during the first 7 days. Following that, the 
concentration of Ca2+ tends to level off. The detected amount of Mg2+ and Si, 
on the other hand, increases with soaking time.   
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Figure 126: Changes in elemental concentrations of SBF due to soaking of MgF2 
series after 7&30 days. 
  
Analysis of the SBF after 1 month immersion showed a different feature to 
that observed in Tris-buffer, as shown in Figure 126. The concentration of 
Ca2+ increases with immersion time. Interestingly, the initial dissolution of 
Mg2+ is high during the first 7 days and then decreases remarkably.The 
concentration of Si increases in the first 7 days, then level off. This is 
because Si reached the solubility level (≈60 mg/L), which is associated with 
silica-gel layer formation. Correspondingly, the concentration of P is almost 
zero.  
 
 
    6.1.6.4 XRD: 
 
XRD diffraction patterns of the glasses after 1 week immersion in Tris- buffer 
solution and SBF showed that the glasses containing (9.93, 11.13, 13.13 and 
16.13 mol%) reveal diffraction peaks at 25 and 31 2θo,
 which is associated 
with fluoro / Hydroxyapatite. The XRD patterns of the glasses containing 
more than 16.13 mol%, on the other hand, are not different from their parents 
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glasses. However, the maximum of the amorphous halo shifts to high theta 
values.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 127: XRD patters of QMF8 (16.13 mol%) before and after immersion in SBF at 
different time points. 
        
 After 3 days immersion in SBF three of the above mentioned glasses namely 
(9.93, 11.13 and 13.13 mol%) showed a sharp peak at 31 2θo.  However, the 
intensity of this peak was less compared to that after 1 week immersion in 
SBF. The same feature was observed in the XRD patterns of the glass 
containing (16.13 mol%); however, the peak is less pronounced compared 
with the investigated glasses. Figure 127 shows XRD pattern of QMF8 (16.13 
mol%) as an example of this series.  
However, the bioactivity of the glasses containing (16.13, 18.93, 20.13 and 
22.13 mol%) was studied after 1 month immersion in SBF and Tris-buffer. 
XRD patterns of these glasses showed diffraction peaks at 25.7 and 31.8 2θo 
after the immersion time. These peaks are associated with apatite formation. 
Figure 128 shows XRD patterns of QMF6 (18.93%) as an example of this 
series after 1 week and 1month immersion in SBF. 
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 Figure 128: XRD patterns of QMF6 (18.93 mol%) before and after 7&30 days 
immersion in SBF. 
 
 
   6.1.6.5 FTIR: 
 
FTIR spectra of the MgF2 series up to 16.13 mol% MgO after 1 week 
immersion in Tris-buffer solution and SBF showed two sharp peaks in 610-
550 cm-1. These bands indicate the formation of a crystalline calcium 
orthophosphate layer. The glasses containing high MgO content (18.93, 
20.13 and 22.13 mol%) exhibited a single peak at 600-550 cm-1, which can 
be assigned to an amorphous Ca-P layer. Figure 129 illustrates FTIR spectra 
of QMF8(16.13 mol%) as an example of this series.  
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Figure 129: FTIR spectra of QMF8 (16.13 mol%) before and after immersion in SBF 
at different time points. 
 
Additionally, the FTIR absorbance spectra of the MgF2 series after 1 week 
immersion showed a single band at 1030 cm-1, which replaced the broad 
band at 1021-949 cm-1 observed in the spectra of the initial glasses. This 
band can be associated with alkali depleted silica-gel layer formation, which 
is formed after degradation and hydrolysis of the glasses in the physiological 
solutions.  
 After 3 days immersion in SBF, the glasses containing (9.93, 11.13, 13.13 
mol%) MgO exhibited two separate bands at 610-550 cm-1. This confirms 
that these glasses were able to form apatite. However, the peak intensity was 
less pronounced in comparison with that seen after 1 week immersion. The 
spectra of the glass containing relatively high MgO content (16.13 mol%), on 
the other hand, showed a broad hump at 600-550 cm-1. This denotes that an 
amorphous Ca-P formed instead of apatite layer. In general, the glasses that 
were investigated after 3 days immersion in SBF showed a similar feature at 
1034 cm-1, which indicates that, a silica-gel layer formed on the surfaces of 
these glasses.  
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 Figure 130: FTIR spectra of QMF6 (18.93 mol%) before and after 7&30 days 
immersion in SBF. 
 
After 1 month immersion in Tris-buffer and SBF, FTIR spectra of the glasses 
containing (16.13,18.93,20.13 and 22.13 mol%) showed two split peaks at 
610-550 cm-1 , which means that a layer of Ca-P formed on the surfaces of 
these glasses. The structural changes observed in the spectra of these 
glasses at 1034 cm-1 where similar to that seen after 1 week. Figure 130 
shows FTIR spectra of QMF6 (18.93 mol%) as an example of this series.   
 
    6.1.7 Coating of MgF2 series: 
    6.1.7.1 Characterization of Initial glass coating: 
 
Five glasses of this series were fabricated as a coating on pure titanium 
disks.  The selection of these glasses is based on their ability to form a Ca-P 
layer in the Tris-buffer solution and SBF after 3 and 7 days immersion. In 
addition, TEC has been considered as it is a pre-requisite in the coating 
process. Therefore, the glass containing high MgO content (22.13 mol%) that 
did not form apatite after 7 days immersion was included.  
 
    6.1.7.1.1 XRD: 
 
XRD patterns of the MgF2 glass coatings exhibited a mixed amorphous and 
crystal structure compared to their initial glasses, which have amorphous 
structure, as illustrated in Figure 131. This is evident from the presence of 
amorphous halo between 25-35 2θo and diffraction peaks at 10.6, 25.6, 31.8 
and 32.7o, 2θ. The diffraction peaks, on the other hand, implies that a 
proportion of the glass crystallized during the coating procedure. 
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Figure 131: XRD patterns of the initial glass powder, glass coating (QMF7-13.13 mol%) 
and  FA crystals.  
 
 
Figure 132 illustrates the optical appearance of the glass coating (QMF7-
13.13 mol%). These coatings appeared to be glassy rather than opaque.  
  
 
 
 
     
 
  
 
     
 
 
Figure 132: Optical appearance of QMF7 (13.13 mol%) glass coating at high 
magnification. 
 
 
   6.1.7.1.2 FTIR: 
 
FTIR spectra of the glass coatings of this series are not significantly different 
from the spectra of glass powder, as an example illustrated in Figure 133. 
The spectra of these coatings exhibited a single broad peak at 1023-945 cm-
1. However, a slight distortion of the main peaks has been observed which 
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could be due to the thermal treatment. In addition, the glass coatings showed 
less distinct two divided bands at 610-556 cm-1.   
 
            
 
 
 
 
 
   
              
                 
 
 
 
 
Figure 133: FTIR spectra of the initial glass powder and glass coating QMF7-(13.13 
mol%). 
 
 
   6.1.7.1.3 Scanning electron microscopy (SEM-EDS): 
    6.1.7.1.3.1 SEM-EDS of coating surface: 
 
Figure 134 shows the coating surface of QMF7-13.13 mol% fabricated at 
720oC for 2 min. It can be seen that the coating surface is smooth and 
cohesive.  In addition, a few small whitish particles can be seen (black 
arrow), which are crystals that developed during the firing cycle. 
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         Figure 134: SEM micrograph of glass coating surface-QMF7(13.13 mol%). 
 
An elemental line scan analysis across the coating surface indicates that the 
coating surface is homogenous. No evidence of FA can be detected by the 
line scan analysis. 
    
 
    6.1.7.1.3.2 SEM-EDS of glass-metal interface: 
 
Figure 135 shows backscattered image of the glass-metal interface of QMF7 
(13.13 mol%) glass coating. The interface is uniform with no sign of 
crystallization or porosity and absence of interfacial reactions. In addition to 
that, it can be seen that the glass has flowed and adhered to the titanium 
substrate. Back scattered images showed that the glass-metal interface is 
around 7.90 µm and the visible thickness of the coating ranged between175-
180 µm.  
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Figure 135: Backscattered images of the glass-metal interface-(QMF7-13.13 mol%). 
 
 
The line scan analysis demonstrates the phenomenon of elemental 
interdiffusion at the glass-metal interface, as represented in Figure 136. The 
rate of diffusion of titanium and glass elements is dropping off to zero around 
5 µm into the coating and titanium substrate respectively. Unexpectedly, low 
concentration of magnesium diffused from glass coatings to metallic 
substrate. This is despite the fact that the concentration of Mg was increased 
after partial substitution of MgO for CaO and ZnO.  Again line scan analysis 
across the glass-metal interface cannot detect the fluoride.  
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Figure 136: Cross section and associated EDS line scan analysis of a glass-metal 
interface of glass coating QMF7(13.13 mol%) . 
 
 
   6.1.7.2 Glass- metal interface: 
  
Figure 137 illustrates XRD patterns of the detached sample (QMF8-16.13 
mol%) and the pure titanium substrate. It can be clearly seen that the XRD 
patterns of the detached sample is fairly similar to that of the pure titanium. 
This indicates that the titanium silicide layer could be nanosized and cannot 
be identified by XRD.  
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Figure 137: XRD patterns of pure titanium disk and detached coating QMF8 (16.13 
mol%).  
 
The presence or absence of the TiO2 layer in the inner surface of the glass 
coating was probed using XRD. The diffraction peaks that observed in XRD 
patterns are associated mainly with brookite phase as illustrated in Figure 
138.  
    
 
 
 
 
 
 
 
           
 
 
 
 
 
 
Figure 138: XRD patterns of the inner surface of the glass coating QMF8 (16.13 mol%) 
showing TiO2 diffraction peaks. 
 
 
The simple qualitative scratching test using a dental probe was carried out to 
evaluate the glass-metal adhesion of MgF2 coatings. In general, the results 
were satisfactory; however, the glasses containing high MgO content showed 
more resistance to scratching compared with low MgO content. 
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   6.1.7.3 Bioactivity tests of MgF2 glass coatings: 
   6.1.7.3.1 pH changes: 
  
The pH behaviour of Tris-buffer solution with soaking time after 1 month 
immersion is illustrated in Figure 139A. In general, pH of the Tris-buffer 
solution increased gradually with time from the initial pH(7.35) to the final pH 
value(7.85). Notably, the highest pH value was found for QMF8(16.13 mol%) 
followed by QMF9(11.13 mol%).  
The pH of SBF with soaking time increases from the initial pH value to 8.0, as 
shown in Figure 139B. As can be noted  the final pH value of SBF is slightly 
higher than that of Tris-buffer solution. However, the pH trend of the SBF is 
not different from Tris-buffer solution, as the highest pH value is assigned for 
QMF8 (16.13 mol%) followed by QMF9 (11.13%).  
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Figure 139: pH changes of (A)Tris-buffer solution and (B)SBF with immersion time.  
 
The pH change in Tris-buffer solution and SBF as a function of MgO were 
studied as well. The results indicate that pH increases insignificantly with 
MgO content and there is no specific trend corerelates between the MgO 
content and pH(results are not shown).  
 
   6.1.7.3.2 Fluoride analysis: 
 
Figure140 demonstrates the ionic dissolution of fluoride released from glass 
coating after 1 month immersion in Tris-buffer solution and SBF. It can be 
observed that the amount of fluoride released is proportional with MgO 
content in these solutions. However, the amount of fluoride found in SBF is 
slightly higher than that released in Tris-buffer solution. Yet, the difference of 
fluoride concentration in these solutions is minimal, as it is below(0.2 mg/L). 
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Figure 140: Fluoride dissolution of glass coating in Tris-buffer solution () and 
SBF()  with MgO content-1 month.  
 
 
   6.1.7.3.3 ICP analysis: 
 
Figure 141 shows ionic dissolution of the coatings in Tris-buffer solution and 
SBF as a function of MgO content. In general, the concentration of Ca2+ 
decreases and the amount of Mg2+  increases in the solutions. The trend of 
Si, on the other hand, changed insignificantly with MgO content. The 
concentration of silica hovering between(40-50 mg/L) in Tris-buffer solution 
and between(25-30 mg/L) in SBF. The silica profile in Tris-buffer solution 
almost reached the solubility level (60mg/L). The concentration of P can not 
be detected by ICP in the Tris-buffer solution and is close to 1 mg/L in SBF 
apart from the coating that contains (22.13 mol%) MgO.  
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Figure 141: Ionic dissolution of MgF2 glass coatings in Tris-buffer solution (A) and 
SBF(B) after 1 month immersion as a function of MgO content. 
 
    6.1.7.3.4 XRD: 
 
 XRD patterns of the glass coatings after 1 month immersion in Tris-buffer is 
fairly  similar to the untreated coating. However, the intensity and the width of 
the diffraction peaks increase compared with the initial glass coatings. The 
crystal phases that developed during coating process may consume the 
released ions from glass dissolution for growing.  
XRD patterns of the glass coatings after 1 month immersion in SBF is quiet 
different from the initial glass coatings, but similar to the XRD patterns after 
immersion in Tris-buffer solution. The intensity and the width of diffraction 
peaks increase after SBF immersion. However, the latter feature is more 
distinct after SBF immersion compared with that seen after immersion in Tris-
buffer solution,  as an example shown in Figure 142A. However, these 
features were less pronounced in the XRD patterns of QMF11(22.13%) glass 
after SBF immersion as depicted in Figure 142B. 
 
 
 
 
 
 
0
20
40
60
80
100
120
0
20
40
60
80
100
120
140
160
180
200
5 10 15 20 25
C
o
n
c
e
n
t.
(m
g
/L
) 
MgO mol % 
Ca
P
Si
Mg
B 
       
260 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 142A: XRD patterns of QMF7(13.13 mol%) before and after immersion in Tris-
buffer solution and SBF- 1 month. 
 
In addition to that, after SBF immersion the intensity at 15-25 2θo increased 
compared to the untreated coatings.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 142B: XRD patterns of QMF11 (22.13 mol%) before and after immersion in Tris-
buffer solution and SBF-1 month. 
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that these coatings underwent structural changes and precipitation of apatite 
layer. The first feature is the presence of single sharp peak at 1034 cm-1, 
which replaces the broad band at 1037-860 cm-1. This sharp peak is thought 
to refer to the ion-depleted silica-gel layer, as reported in Hench’s inorganic 
reaction set (Hench,1998). Figure 143A illustrates FTIR spectra of 
QMF7(13.13 mol%) as an example of this series.   
The second feature is the development of two separate bands at 610-550 
cm-1, which are associated with crystalline calcium orthophosphate (Kim et 
al.,1989).  
 
 
 
 
 
 
 
 
 
 
 
               
 
Figure 143A: FTIR spectra of QMF7-13.13 mol% before and after immersion in Tris-
buffer and SBF- 1 month. 
 
The FTIR spectra after 1 month immersion in SBF is not significantly different 
from that observed after immersion in Tris-buffer solution. The FTIR spectra 
of the coating containing high MgO content (QMF11-22.13 mol%) appeared 
similar to the untreated coating, as shown in Figure 143B. The broad band at 
1013-964 cm-1 was not replaced with single band, and the two less prominent 
bands at 610-550 cm-1 can be seen in the FTIR spectra of QM11-22.13% 
after SBF immersion.  
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Figure 143B: FTIR spectra of QMF11-22.13 mol% before and after immersion in Tris-
buffer and SBF- 1 month. 
 
 
   6.1.7.3.6 SEM-EDS analysis: 
 
   6.1.7.3.6.1 Tris-study 
 
Backscattered micrographs of the glass-metal interface of the glass coating 
QMF7(13.13 mol%) MgO after 1 month immersion in Tris-buffer solution 
showed a layer of apatite formed on the coating surface (arrow), as illustrated 
in Figure144. Figure145 shows a line scan analysis of the glass-metal 
interface of QMF7  after immersion in Tris-buffer solution. The line scan 
analysis indicates that this zone contains high Ca2+ and P concentrations. 
This confirms that this layer is a Ca-P rich layer. The line scan analysis 
revealed that the layer behind the Ca-P layer contains high Si concentration, 
which correspond to the silica-gel layer. Backscattered images denote that 
the visible  thickness of the Ca-P rich layer is between 34-40  µm. These 
results are consistent with XRD and FTIR findings, as these coatings were 
able to form apatite in Tris-buffer solution. 
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Figure 144: Backscattered images of the glass-metal interface of glass 
coating QMF7(13.13 mol%) before(A) and after(B) immersion in Tris-
buffer solution. 
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Figure145: Cross section and associated EDS line profile analysis for a glass 
QMF7(13.13 mol%) coating after 1 month immersion in Tris-buffer solution. 
 
    6.1.7.3.6.2 SBF study  
 
After 1 month immersion in SBF , the backscattered micrographs of the same 
glass coating showed similar feature to that observed after 1 month 
immersion in Tris-buffer solution. An elemental line scan analysis across this 
layer indicated that this layer contains high Ca and P concentrations, as 
demonstrated in Figure 146. Both these elements are essential for apatite 
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deposition. In addition to that, the line scan analysis indicates a silica-gel 
layer formed underneath the Ca-P rich layer (arrow). This is evidenced from 
the high Si concentration at the layer behind the Ca-P layer. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 146: Cross section and associated EDS line profile analysis for a glass 
QMF7(13.13 mol%) coating after 1 month immersion in SBF. 
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     6.2 Discussion- MgF2 series 
     6.2.1 Differential scanning calorimetry (DSC): 
    6.2.1.1 Effect of MgO on glass transition temperature (Tg): 
 
The decrease of Tg with MgO content is due to the effect of magnesium 
(Watts et al., 2010) and fluoride (Brauer et al., 2010), as both these elements 
decrease the Tg. However, the mechanism by which magnesium reduces the 
glass transition temperature is different from that of fluoride, as explained in 
chapter 4 and 5. Although the Tgs of MgO and MgF2 series decrease with 
MgO content, the Tg values of MgO series are higher than that of MgF2 
series.  The lower Tg of the MgF2 series is due to the formation of CaF
+ like 
species that have less electrostatic forces compared with ionic bonds of 
bivalent calcium (Hayashi et al., 2002; Brauer et al., 2009). Hence, these 
bonds weaken the network and as a result decrease the Tg.  
 
  6.2.1.2 Effect of MgO on peak crystallization and the sintering window: 
 
The increase of the temperature of peak crystallization is due to the effect of 
magnesium as explained in chapter 4, as this element suppress 
crystallization from occurring (Watts et al., 2010; Brink, 1997). Fluoride, on 
the other hand, promotes crystallization as it reduces the energy barrier for 
crystallization (discussed in chapter 5). However, the influence of fluoride on 
peak crystallization could be masked by the effect of magnesium due to its 
low concentration compared to the Mg content.  
The higher Tp values of MgO glasses compared to MgF2 series might be due 
to the effect of fluoride, as it acts as a nucleating agent and promotes 
crystallization. Thereby, neutralizing partially the suppressing action of 
magnesium on peak crystallization. 
The wider sintering window of QM7 compared to QMF7 might be due to the 
effect of magnesium, as this element suppresses crystallization and 
decreases the glass transition temperature as discussed previously. In 
addition to that, zinc behaves similarly to magnesium as intermediate oxide. 
Therefore, the sintering window increases and the possibility of crystallization 
reduce. Fluoride, in contrast, narrows the sintering window as it promotes 
crystallization and reduces the glass transition temperature (as explained in 
chapter 5). However, fluoride has a larger effect on peak crystallization than 
the glass transition temperature. For this reason and despite the high 
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concentration of magnesium compared with fluoride, the sintering window of 
QMF7 is smaller than that of QM7. 
The change in the trend of the high MgO containing glasses of MgO series 
might be due to the change in the role of MgO from being an intermediate 
oxide to network modifier. Hence, the sintering window of the high MgO 
content glasses of MgO series becomes the same or less than that of MgF2 
glasses. 
 
    6.2.1.3 Effect of heating rates on peak crystallization: 
 
The movement of peak crystallization with heating rate is because at higher 
heating rate less time is available to the glass network to rearrange and 
crystallize. Furthermore, it can be seen that the height of peak crystallization 
increases with the heating rate. It has been suggested that the change of 
peak crystallization with heating rate is governed by the activation energy 
(Kissinger, 1956).  However, the Tg is not affected by the heating rate 
significantly. This is because Tg is less dependence on the heating rate than 
the peak crystallization temperature (Xing et al., 2002). This result is 
consistent with that of MgO series.  
The difference in extrapolated values between QM7 and QMF7 might be 
ascribed to the effect of magnesium, as it suppresses crystallization from 
occurring. However, the activation energy of peak crystallization and the 
glass transition temperature of QM7 (11 mol%) is lower than that of QMF7. 
These results are unexpected, as fluoride promotes crystallization and lowers 
Tg. 
6.2.1.4 Effect of particle size on peak crystallization: 
 
The increase of the peak crystallization temperature with particle size is due 
to the surface crystallization of bioactive glasses and the effect of surface 
area of the large particle size. In addition, the height of peak crystallization 
decreases with particle size. This is because the height of peak crystallization 
is proportional with the amount of active nucleation sites. However, the 
decrease of the height of peak crystallization does not imply that the coarse 
particles crystallized by bulk nucleation. Instead, this could be due to the 
superimposition of two crystallization peaks, as indicated by the presence of 
the shoulder on the right side of the peak crystallization of the coarse 
particles(>45 µm). 
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The above feature was seen for all glass series and indicated that these 
glasses crystallized by surface crystallization, which is the dominant 
crystallization mechanism of most bioactive glasses (Arstila et al., 2005; 
Arstila et al., 2007). This finding is in a good agreement with that of MgO 
glass series.   
 
    6.2.3 Dilatometry 
    6.2.3.1 Glass transition temperature (Tg): 
 
The decrease of Tg with MgO content is due to the effect of magnesium and 
fluoride, as both these elements decrease Tg, as explained in the DSC 
section. Interestingly, the values of Tg obtained from dilatometry of both 
series disagrees with the Tg data collected from DSC, where the Tg of MgO 
series are higher than that of MgF2 series. As explained previously, fluoride 
might be evaporated during the casting procedure. As a result and due to the 
higher Mg concentration in the MgF2 series compared with MgO series, a 
larger fraction of Mg participates in the silicate network as intermediate oxide 
and more cross linking the network connectivity. This is due to the formation 
of MgO4 tetrahedra, which remove cations such as Ca
2+ and Na+ from silicate 
network for charge balancing. Thus, the Tg reduction of MgF2 series is less 
pronounced compared with the MgO series. 
  
   6.2.3.2 Effect of MgO on softening point (Ts): 
 
As discussed in the previous chapters the softening temperature is related to 
the glass transition temperature. Therefore, a positive correlation was 
observed between the MgO content and this temperature. 
 
   6.2.3.3 Thermal expansion coefficient (TEC): 
 
Many studies indicate that magnesium can reduce TEC of bioactive glasses 
and it has been used for this purpose (Brink, 1997; Lopez-Esteban et al., 
2003; Watts et al., 2010; Gomez-Vega et al.,1999). The results of MgO 
series (chapter 4) also showed that TEC is inversely proportional with the 
MgO content. 
As explained in chapter 4, this is due to the effect of magnesium, as a 
fraction of this element participates in the silicate network and cross linking 
the network. Hence, reducing the TEC (Watts et al., 2010). Notably, the 
composition of MgF2 series contains high magnesium compared with MgO 
series. Therefore, it would be expected that the TEC of this series decreases 
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considerably with regard to MgO series. The results show that the TEC of 
this series is slightly higher than that of MgO series. This could be ascribed to 
the conversion of the bivalent Ca2+ ionic bonds to hypothetical weak double 
ionic bonds of CaF+. These bonds weaken the network connectivity and as a 
result the TEC of the glasses increases.  
 
    6.2.4 Density of glass: 
 
The density of MgF2 is fairly close to the density of CaF2 (3.17 and 3.18 
cm/gm3, respectively). The results of chapter 5 showed that the glass density 
increases with CaF2 content, as this compound has higher density (3.18 
cm/gm3) with respect to the silicate glasses. In this series (MgF2), however, 
the concentration of MgF2 is fixed at 1 mol%; whereas the concentration of 
magnesium increased gradually up to 22.13 mol%. Therefore, the density of 
MgF2 glass series would be expected to affect by the MgO content, rather 
than the density of MgF2.  
The decrease of the glass density could be attributed to the small ionic radius 
of magnesium compared with calcium. Magnesium can act as network 
modifier and due to the differences in ionic radius of magnesium and calcium; 
magnesium is more able to attract NBO. As a result the compactness of the 
network connectivity increases and glass density decreases. Alternatively a 
fraction of magnesium takes part in the silicate network and form MgO4 
tetrahedra; resulting in decreasing the number of NBO and increasing the 
compactness of silicate network. In contrast, fluoride weakens the network 
connectivity, as it forms hypothetical double ionic bonds when incorporated 
into the glass composition. This finding is consistent with that of Watts et al., 
2010 where glass density decreased with MgO content. 
   
    6.2.5 Bioactivity test: 
    6.2.5.1 pH changes: 
 
A- 7 and 3 days study: 
The high pH values of the Tris-buffer and SBF containing glasses (9.93 and 
11.13 mol%) after 7 days could be ascribed to the low magnesium content 
with respect to other glasses. As magnesium increases the compactness of 
the network connectivity, due to the lower charge to size ratio of this element 
compared with calcium. This reduces the degradation and hydrolysis process 
of the glasses and eventually retards the ionic exchange. For this reason, the 
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glasses with low magnesium content exhibit higher pH values with respect to 
the other glasses.  
The decrease pH values of Tris-buffer and SBF with MgO content suggests 
that magnesium reduces the glass degradability and dissolution and hence 
interferes with the process of ionic exchange, as discussed previously. 
The pH profile of SBF after 3 days immersion is ascribed to the effect of 
magnesium as explained previously. 
 
B- 1 month study:  
The ability of the high magnesium containing glasses (16.13, 18.93, 20.13 
and 22.13 mol%) to form apatite has been investigated after 1 month 
immersion in Tris-buffer solution and SBF. No evidence of apatite formation 
was shown by these glasses after 7 days immersion in these solutions (as 
will be discussed later-XRD and FTIR sections). In fact, the glass containing 
16.13 mol% exhibited clear evidence of apatite formation after 7 days 
immersion in Tris-buffer solution and SBF. However, this feature was not 
evident clearly after 3 days immersion compared with other glasses. This 
again could be attributed to the high Mg content of this glass compared with 
other glasses. The high pH value of Tris-buffer solution compared to SBF has 
been explained previously. 
 
    6.2.5.2 Fluoride analysis: 
A- As a function of MgO content: 
 
As mentioned previously fluoride promotes apatite formation by increasing 
the rate of glass dissolution and /or favours FA deposition at the expense of 
HCA (Lynch et al., 2012). It is reported that presence of fluoride in glass 
structure is associated with divalent cations such as Ca2+ and Mg2+ (Kansal 
et al., 2011). In this series, MgO has been partially substituted for CaO and 
2/3 of ZnO, therefore and since the MgO content increases, the dissolution of 
fluoride in Tris-buffer solution and SBF increases. 
The higher amount of fluoride detected in Tris-buffer solution after 1 week 
might be due to the increased consumption of fluoride released in the SBF 
for apatite formation compared with Tris-buffer solution. Or due to the 
chemical composition of Tris-buffer solution as it does not contain ions; 
whereas SBF contains various ions. Hence, fluoride might form less soluble 
compounds with these ions and its concentration decreases in SBF.  
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The difference in fluoride concentration between 1 week and 1 month Tris-
buffer studies might suggest that fluoride is being incorporated into an apatite 
layer. This finding is consistent with XRD and FTIR analyses, as these 
glasses showed apatite formation after 1 month immersion in Tris buffer 
solution. The decrease of released fluoride in SBF indicates that more 
fluoride is incorporated into a Ca-P layer, or fluoride might form less soluble 
compounds after SBF immersion. 
 
B- Fluoride measurement with time: 
 
The trend of fluoride after 7 and 30 days indicates that fluoride was 
incorporated into the apatite layer with time. The higher dissolution rate of 
glasses containing high MgO content implies that fluoride is associated with 
bivalent ions such as Ca2+ and Mg2+ in the glass structure. The lower fluoride 
concentration of QMF8 (16.13 mol%) in Tris-buffer compared with that in 
SBF could be associated with the initial Mg content in the SBF. As this glass 
contains the lowest Mg content compared with other glasses. Therefore, and 
since Tris-buffer solution does not contains Mg , less fluoride dissolution and 
lowest fluoride concentration in Tris-buffer solution compared with that found 
in SBF.  
The difference in fluoride trend between the 3 and 7 days versus 7 and 30 
days in SBF might be ascribed to the difference of the Mg concentration of 
the glasses in these studies. The decrease fluoride dissolution rate of the 
glasses (9.93% and 11.13 mol%) after 7 days means that the amount of 
fluoride released into the solution was consumed for apatite deposition. The 
ability of these glasses to consume fluoride are ascribed to the low Mg 
content of these glasses, as it is generally agreed that Mg slows the process 
of apatite deposition. The fluoride dissolution rate of other glasses suggests 
that the consumption of fluoride for apatite deposition of these glasses is less 
than that of low MgO containing glass. 
 
    6.2.5.3 ICP- OES analysis: 
A- As a function of MgO content: 
 
The decrease of Ca2+ concentration in Tris- buffer solution was expected as 
MgO is replaced for CaO in the glass composition. The increase of Mg2+ is 
due to the substitution of MgO for CaO and ZnO. It has been claimed that the 
rate of Mg2+ extraction increases with increasing MgO content accompanied 
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by more dissolution of soluble silica (Oliveira et al., 2002). Therefore, the Si 
concentration increases in the solution.  The normalised value of Mg implies 
that the release of Mg is not affected by the MgO content. 
A recent 31P MAS NMR study stated that Mg has a tendency to complex 
silica more than phosphate; hence, phosphate forms a complex with sodium 
(Na3Po4), which is more soluble than silicate phase (Watts et al., 2010). 
Therefore, it was expected that the release of P is not affected by MgO 
content. However, the P data indicates that the glasses with low MgO content 
consumed P for Ca-P layer formation more than the high MgO content 
glasses. This, in turn, affirms that high Mg content interferes with the process 
of apatite formation. 
The high concentration of Ca and P in SBF after 1 week compared to Tris-
buffer solution is ascribed to the chemical composition of SBF compared to 
the Tris-buffer solution. 
The depletion of Tris-buffer solution and SBF from P after 1 month immersion 
indicates that this ion was incorporated into a calcium orthophosphate layer. 
The ICP results of P are consistent with the measured concentration of Si in 
both solutions, which is almost equal to the solubility level. The normalised 
values of ionic dissolution after 1 month immersion in Tris-buffer are 
consistent with that after 7 days; and indicate that the MgO content has no 
effect on the ionic released in the Tris-buffer solution.   
 
B- As a function of immersion time: 
 
The argument behind increase Ca2+ concentration in SBF after 3 and 7 days 
is that the concentration of Ca2+ increases in the SBF due to the glass 
dissolution. Following that, a proportion of released Ca2+ was incorporated 
into a Ca-P rich layer but the solution does not deplete of Ca2+. Therefore, 
the dissolution rate tends to level off. The lowest P concentration of the 
glasses containing low MgO content suggests that P was incorporated into 
apatite layer formed on the surfaces of these glasses. The trend of Mg 
implies that a fraction of this ion could be incorporated into a Ca-P-Mg layer, 
but still the solution contains this ion. The ionic dissolution of silica is 
associated with magnesium concentration as discussed previously. 
The trend of Ca2+ tends to level off after 1 month immersion in Tris-buffer 
solution due to the partial consumption of this ion for apatite formation. It is 
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worth mentioning that the composition of these glasses contains fluoride. 
This element promotes fluorapatite (FA) formation rather than HCA. It is 
commonly accepted that the formation of FA needs less Ca2+ and P 
concentrations compared to HCA. Therefore, it would be expected that a 
proportion of Ca2+ would be consumed for apatite deposition.  
The increase in Ca2+ concentration after 1 month immersion in SBF might be 
associated with the chemical composition of SBF as it contains Ca2+.The 
trend of Mg was unexpected as the concentration of this element increases in 
the glass composition. However, this might indicate that this element was 
incorporated into a Ca-Mg-P layer and therefore, its concentration decreases. 
The depletion of the solution from P as it might be incorporated in an apatite 
layer. As discussed in chapter 5, when silica reaches its solubility limit the 
concentration of P decreases, as it is consumed for apatite deposition. 
 
    6.2.5.4 XRD: 
 
The XRD features after 1 week immersion indicate the formation of alkali 
depleted silica-gel layer, due to repolymerization and condensation of Si-OH 
groups on the glass surface. The inability of apatite formation with the 
glasses containing > 16.13 mol% could be ascribed to the high MgO content, 
as this element increases the network connectivity and hence reduces glass 
dissolution. 
The difference in the intensity of the diffraction peaks between the 3 and 7 
days might be related either to the small size of the crystals or to the low 
quantity of the crystals formed. The XRD feature of QMF8 (16.13 mol%) after 
3 days might be attributed to the high MgO concentration of this glass with 
regard to the other glasses, which causes retardation of the apatite growth.  
In summary, XRD revealed that an apatite layer was formed on the surfaces 
of the high (≥16.13 mol%) MgO containing glasses after 1 month immersion 
in physiological fluids, but these glasses failed to form apatite after 7 days 
immersion. This confirms that magnesium has a clear influence on the 
degradation of the glasses and the process of apatite formation. 
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    6.2.5.5 FTIR: 
 
The differences in the FTIR spectra of the glasses containing up to 16.13 
mol% and > 16.13 mol% after 1 week immersion could be associated with 
the higher MgO content of these glasses, as discussed previously. Notably, 
fluoride does not have any influence on the apatite-forming ability of the high 
(>16.13 mol%) MgO containing glasses. This is attributed to the low fluoride 
concentration in the composition of these glasses compared to magnesium 
content. Therefore, the effect of fluoride might be masked by the action of 
magnesium. 
The less pronounced intensity of the two separate peaks at 610-550 cm-1 
after 3 days immersion might be ascribed to the size or quantity of the crystal 
like formed, as explained previously. 
In summary, the results of XRD and FTIR spectra of MgF2 series after 
immersion were consistent. These results affirm that the high MgO 
concentration (≥ 16.13 mol%) retards but does not eliminate the process of 
apatite formation in vitro. These findings are in a good agreement with other 
studies (Driessens and Verbeck, 1990; Vallet-Regi et al., 1999; Ma et al., 
2010), which stated that magnesium slows down the process of apatite 
deposition rather than inhibiting its formation. 
 
    6.2.6 Coating of MgF2 series: 
   6.2.6.1 Characterization of Initial glass coating: 
   6.2.6.1.1 XRD: 
 
The crystallization of the MgF2 glass coatings could be facilitated by the 
effect of fluorine, as explained previously. Therefore, the XRD analyses of 
this series showed crystalline and amorphous structure. The combination of 
an amorphous halo in XRD patterns and visual appearance of these coatings 
indicate that the amorphous structure is more dominant than the crystalline 
form.  
   6.2.6.1.2 FTIR: 
 
The FTIR features of the glass coatings are consistent with XRD analyses 
which showed that these glasses have amorphous and crystalline apatite 
structure. Galliano and Lopez, 1995 stated that partial replacement of MgO 
for CaO improves glass sinterability. However, low fluoride concentration in 
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the present glass compositions might promote crystallization of these 
glasses.  
 
   6.2.6.1.3 Scanning electron microscopy (SEM-EDS): 
   6.2.6.1.3.1 SEM-EDS of coating surface: 
 
Although there is a difference between TEC of the glass coating (QMF7-
13.13%) and titanium (11.9 and 9.4-10.3x 10-6/oC), very few cracks was 
observed. It is worth mentioning that the cracks seen in the SEM 
micrographs are an artefact (white arrow) and due to the cracking of the 
carbon coating used during SEM imaging. The glass coating appeared 
homogenous, as the concentration of glass elements remained constant 
across the coating surface. 
 
    6.2.6.1.3.2 SEM-EDS of glass-metal interface: 
 
Backscattered images of the glass-metal interface showed that the glass 
coating adhered firmly to the underlying substrate. However, a gap between 
the glass coating and the metallic substrate was observed, which might be 
ascribed to the differences between TEC of the glass and titanium substrate. 
This gap represents the glass-metal interface, which is the area of elemental 
interdifusion and chemical bonds between the glass coating and underlying 
substrate. Notably, the thickness of the fabricated coating of this series is 
higher than that produced by Pazo et al., 1998B where the thickness of the 
glass coating is 150 µm. This differences of the coating thickness might be 
related to the differences in the particle sizes of the fabricated coating 
(<45µm) and that produced by Pazo et al (<50µm). In addition to that, the 
difference in the weight of glass powder that precipitated on the titanium disk 
in this research and Pazo et al study is another possible cause.   
The elemental interdiffusion phenomena at the glass-metal interface is 
similar to that seen in the previous series (MgO and CaF2), and consistent 
with that found by Lotfibakhshaiesh et al., 2010 where coatings with different 
strontium concentration were fabricated on titanium alloy substrates. The 
inability of the line scan to detect fluorine is due to the low concentration of 
this element in the coating composition, and the low atomic weight of fluorine 
compared with other elements. Further reason is that this element might be 
evaporated during coating procedure. 
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    6.2.6.2 Glass- metal interface: 
 
The effectiveness of the glass-metal adhesion depends on the elemental 
interdiffusion, chemical bonding and physical interlocking between the 
dissimilar phases (Khanna, 2011).The line scan analysis of the glass-metal 
interface showed the phenomenon of interdiffusion between the two phases, 
which might affect positively the glass-metal adhesion. As discussed in the 
previous section, the line scan analyses cannot detect fluoride, which is 
thought to improve the coating-metal adhesion by forming chemical bond 
with titanium (as discussed in the previous chapter). 
The detached coating samples have been investigated by XRD to try and 
detect the presence of a Ti3Si5 layer, which may have a negative or positive 
effect on the glass-metal interface depending on the thickness of this layer 
(Lopez-Esteban et al., 2003). The XRD analysis of the detached samples is 
in agreement with backscattered images, which demonstrate the 
nonexistence of porosity at the glass-metal interface. The presence of 
porosity at the glass-metal interface is thought to associate with Ti3Si5.  
The XRD analysis of the inner surface of the glass coating indicates the 
presence of brookite type of TiO2. Though, further investigation using high 
resolution microscopy to confirm and quantify this layer is essential, as 
explained in the previous chapters. 
However, matching TEC of the metallic substrate and the glass coating is still 
the main factor that governs the glass-metal adhesion. The TEC mismatching 
of these two phases causes the generation of thermomechanical stresses. 
The deboning effect of the residual stress is usually increased with coating 
thickness (Clyne, 2001). The glass/metal thickness ratio of these coatings 
(54:1) suggests that moderate relief of the thermal stress occurs. Therefore, 
the phenomenon of elemental interdiffusion detected by SEM-EDS and the 
moderate glass/metal thickness ratio might reduce the detrimental effect of 
the residual stresses.  
The more resistance of the high MgO containing to scratching test is because 
these glasses have TEC fairly close to that of titanium compared with low 
MgO containing glasses. Interestingly, the scratches travelled along the glass 
surface and did not spread across the coating-metal interface. This indicates 
that the glass-metal adhesion is satisfactory. Nevertheless, the efficiency of 
the glass-metal adhesion of this series is less than that of the MgO series. 
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The effectiveness of the glass-metal bonding of the MgO coatings might be 
ascribed to the relatively low TEC compared with that of MgF2 series and the 
presence of the thin titanium silicide layer. This layer was detected by XRD of 
the detached MgO glass (QM8-14 mol%) coating. This implies that this layer 
at the glass-metal interface of MgO series is thicker than that of MgF2 
coatings. Assuming that fluoride does not evaporate during coating process, 
it can be considered another factor that weakens the glass-metal interface of 
MgF2 glass coatings. 
 
    6.2.6.3 Bioactivity tests of MgF2 glass coatings: 
    6.2.6.3.1 pH changes: 
 
The increase in the alkalinity of the Tris-buffer solution is due to the rapid 
ionic exchange between the glass coating and the solution. This despite the 
fact that these coatings are partially crystalized as observed in the XRD 
patterns, and the crystal phases could be associated with FA. However, the 
dissolution rate depends on the crystallinity and the density of the crystal 
phases (Varshneya, 1985). The highest pH values of QMF8(16.13 mol%) 
and QMF9(11.13 mol%) were unexpected, as QMF8 coating contains a 
relatively high MgO content (16.13 mol%) compared with other coatings. It 
would be expected that the coatings with low MgO content would exhibit the 
highest pH values, as the high magnesium concentration reduces the glass 
degradibility and dissolution. 
The pH trend of SBF increases with time and the pH value is higher than 
Tris-buffer solution, explained previously. 
 
   6.2.6.3.2 Fluoride analysis: 
 
The concentration of Mg increased in the glass composition, as explained 
previously. For this reason and since fluoride is usually associated with 
divalent cations such as Ca2+ and Mg2+. It was expected that the ionic 
dissolution of fluoride increases with MgO content in both solutions. 
   6.2.6.3.3 ICP analysis: 
 
The reduction of Ca2+ concentration might be attributed to the incorporation 
of this element into a Ca-P phase formation or growing. The increase in Mg 
concentration was expected, as the concentration of Mg increased in the 
glass composition. The trend of Si means that silica-gel layer is more likely 
formed, which is important for apatite deposition. The profile of Si dissolution 
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is in accordance with XRD and FTIR results (discussed later), as these 
coatings form apatite in Tris-buffer solution. 
As discussed previously, the concentration of phosphate decreases after Si 
reaches its solubility level. This indicates that phosphate was consumed for 
calcium orthophosphate layer formation in the solutions. These results are in 
agreement with XRD and FTIR analyses of these coatings, as these 
analyses showed apatite features after 1 month immersion in the 
physiological solutions. However, the difference of the P concentrations in 
the Tris-buffer solution and SBF could be assigned to the chemical 
composition of these soluitions, as SBF contains P in its initial composition; 
whereas Tris-buffer solution lacks this ion. 
The P concentration of the coating contains (22.13 mol%) MgO is 14 mg/L, 
which means that a fraction of phosphate was incorporated into a Ca-P rich 
layer. This profile is coinside with XRD and FTIR analyses of this coating 
(discussed later). As this coating was able to form a surface apatite layer in 
Tris-buffer solution; but exhibited features of amorphous Ca-P layer after 1 
month immersion in SBF. It is generally agreed that Mg has a negative effect 
on apatite deposition in physiological  solutions. Therefore, this may be 
attributed to the high Mg concentration in the coating composition and the 
initial Mg concentration in SBF composition. 
 
   6.2.6.3.4 XRD: 
 
The differences in the intensity and width of peak crystallization before and 
after immersion in Tris-buffer suggest that the crystal phases that developed 
during the coating process have grown; or new crystal phases might form 
after 1 month immersion in Tris-buffer solution. Notably, the increase in the 
width of the diffraction peaks are more prominent in the XRD patterns of 
QMF8 (16.13 mol%) and QMF9(11.13 mol%) with regard to other coatings. 
These findings are in a good agreement with pH changes, where these 
glasses (QMF8 and QMF9) have the highest pH values compared with other 
coatings after 1 month immersion in Tris-buffer solution.   
The increase intensity at 15-25 2θo after SBF immersion indicates that the 
original glass underwent structural changes and a silica- gel layer formed on 
the glass surface. However, the intensity  and the width of the diffraction 
peaks observed in the  XRD pattern of the coating containing high MgO 
       
279 
 
content (QMF11-22.13 mol%) were less prominent compared with other 
coatings. This might be attributed to the high MgO content of this glass and 
the subsequent effect of Mg on bioactivity.  Again this implies that the silica-
gel layer formed on the glass surface after repolymerization and 
condensation reactions.  
The findings of XRD analyses are consistent with pH changes, as the pH 
value of SBF is more obvious than that of Tris-buffer solution. Again this 
could be associated with buffering capacity of Tris-buffer solution and the 
chemical composition of SBF.  In addition, few nucleation sites is required for 
apatite precipitation in SBF, as this solution is saturated with the essential 
apatite elements. 
 
   6.2.6.3.5 FTIR: 
 
The disappearance of the broad band at 1037-860 cm-1 after Tris-buffer 
immersion indicates that the silicate network has lost the NBOs and the 
coating structure shifts from Q1 and Q2 to Q3 species. In fact, the 
development of two separate bands at 610-550 cm-1 was observed in the 
FTIR spectra of the untreated coating, but these two bands are less distinct 
compared with immersed coatings. This implies that the apatite crystal 
phases that developed during coating procedure might grow during 
immersion; or new apatite crystal phases are formed due to the glass 
dissolution process. 
The FTIR feature of the high MgO containing glass coating after SBF 
immersion could be attributed to the high Mg concentration in the 
composition of this coating and the Mg content in the initial SBF composition. 
However, FTIR spectra of the initial  glass powder of QMF11-22.13% showed 
a feature of apatite formation after 1 month immersion in SBF. In fact, and as 
discussed previously that Mg favours sintering process at the expense of 
crystallization. Since this glass coating contains high Mg content, the glass 
particles would be sintered and the surface area decreases; resulting in 
decreasing the ionic dissolution and consequent bioactivity. In addition, this 
glass has a TEC  relatively close to that of titanium compared with other 
glass coatings. Thereby, less residual stress would be generated and less 
cracks development; as a result less ionic exchagne and less apatite forming 
ability. 
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   6.2.6.3.6 SEM-EDS analysis:Tris-study and SBF 
 
The backscattered images and the line scan analysis indicate that the glass 
coating QMF7(13.13mol%) was able to form an apatite-like layer in Tris-
buffer and SBF. The visible thickness of the Ca-P rich layer after immersion 
in Tris-buffer solution and SBF was more than that formed on the 6P57 glass 
coating after 2 months immersion in SBF(Lopez-Esteban et al., 2003). This 
might be attributed to the high silica concentration (56.3 mol) in the 
composition of the 6P57 glass coating compared with (41.7 mol) of QMF7-
13.13 mol%.  
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  7. MgF2-FA series               
   7.1 Results - MgF2-FA series               
   7.1.2 Characterization of the composite powder: 
   7.1.2.1 X-Ray diffraction (XRD): 
XRD patterns of the high (4:1) and low (14:1) FA containing composites 
showed that these composites have amorphous and crystalline structure, as 
an example shown in Figure 147. This is evident from the presence of 
amorphous halos and diffraction peaks. The position of the amorphous 
maximum remained constant at 25-30o, 2θ. The intensity of the diffraction 
peaks increases with an increase in the concentration of FA crystals.  
   
 
 
 
 
 
 
 
 
 
 
Figure 147: XRD patterns of the initial glass, QMF5 (9.93 mol%)-FA composite with 
different FA ratios and pure FA. 
 
    7.1.2.2 Fourier transform infra-red spectroscopy (FTIR): 
FTIR spectra of the composite powders showed a broad band at 1030-936 
cm-1, which can be assigned to Si-NBO stretching bands (Stoch et al., 1999). 
This feature indicates the presence of an amorphous silicate phase. A similar 
feature was observed in the FTIR spectra of the initial MgF2 glasses.
 
However, the spectra of the composites powder revealed two divided bands 
at 610-556 cm-1, which indicating the presence of crystalline apatite in the 
composite structure. In contrast, the FTIR spectra of the initial MgF2 glasses 
lack such a feature, as an example shown in Figure 148.  
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Figure 148: FTIR spectra of the initial glass, QMF5 (9.93 mol%)-FA composite and pure 
FA. 
 
   7.1.3 Bioactivity of the composite-powder: 
 
In order to study the effect of FA crystals on the bioactivity of the selected 
MgF2 glasses, the composite powder was immersed in Tris-buffer solution. 
FA crystals have been added to act as nucleation sites for formation of new 
apatite phases or growing of initial apatite phases. Therefore, Tris-buffer 
solution is used to evaluate the influence of FA per se on the bioactivity of the 
initial glasses without being interfered with other confounding factors.  
 
   7.1.3.1 pH of Tris-buffer solution: 
A- pH (with immersion time): 
Figure 149 shows the pH changes of Tris-buffer after 7 days immersion of 
the high FA containing composites (4:1). It can be clearly seen that pH 
increases gradually with soaking time. The composite with the lowest MgO 
content in the glass has the highest pH value compared with other 
composites. The increase of pH is less pronounced compared with that seen 
after 7 days immersion of the initial MgF2 glass series (7.75 versus 7.82).  
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 Figure 149: pH changes of Tris-buffer solution with time-1 week immersion- (4:1) 
series. 
Consistently, the pH changes of the Tris-buffer solution after 3 days 
immersion increase with soaking time. The highest pH value is given by the 
composite having the lowest MgO content (9.93 mol%).  However, the final 
pH value is lower than that after 7 days immersion (7.59 and 7.75, 
respectively). 
The pH changes of Tris-buffer solution after 3 days immersion of the low FA 
containing composites (14:1) is not significantly different from that of the 4:1 
series, as shown in Figure150. Again the composite containing low MgO 
content gives the highest pH value compared with other composites. 
Nevertheless, the final pH value of these composites is higher than that of 
the high FA containing composites (7.67 and 7.59, respectively).  
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Figure 150: pH changes of Tris-buffer solution with time-3 days: A)4:1 series and 
B)14:1 series. 
 
 
B- pH (as a function of MgO content): 
   
The effect of MgO concentration on pH of the Tris-buffer solution of the high 
and low FA containing composites was studied. The results showed that pH 
of the solution decreases with MgO content. (Result not shown as the trend 
is identical to that seen in the MgF2 series). 
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   7.1.3.2 Fluoride analysis: 
A- Fluoride released as a function of MgO content:  
 
Figure 151 demonstrates the ionic dissolution of fluoride in Tris- buffer 
solution of the high FA containing composites (4:1) after 7 days immersion 
with MgO content. It can be observed that the concentration of fluoride 
increases in the solution with MgO content. A similar trend of the same series 
was seen after 3 days immersion in Tris-buffer solution. However, the 
measured fluoride is slightly higher than that detected after 7 days immersion 
(14 and 12 mg/L, respectively).  
The fluoride concentration after 3 days immersion in tris-buffer solution of the 
low FA containing composites (14:1) is not significantly different from that of 
the high FA containing composites (4:1), as illustrated in Figure 152. 
 
 
 
 
 
 
 
 
 
 
 
           
     
Figure 151: Ionic released of fluoride after 1 week immersion with MgO content (4:1). 
 
 
Interestingly, the measured fluoride in the solution is slightly higher than that 
of the high FA(4:1) containing composites (22 and 20 mg/L, respectively).  
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Figure 152: Ionic released of fluoride after 3 days immersion with MgO content (14:1). 
 
 
B- Fluoride released with immersion time: 
 
Figure 153 illustrates the effect of immersion time on the concentration of 
fluoride released in Tris-buffer solution of the high FA (4:1) containing 
composites. It can be seen that the initial dissolution rate of fluoride of the 
three composites is high then slightly decreases with soaking time. However, 
the dissolution rate of the composite with low MgO (9.93 mol%) tends to level 
off with immersion time. 
 
 
 
 
 
 
 
 
 
 
 
 
   Figure 153: Ionic released of fluoride after 3 and 7 days immersion with time-(4:1).  
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    7.1.3.3 ICP analysis: 
A- Ionic dissolution as a function of MgO content: 
 
Figure 154 illustrates the ionic dissolution of the high FA containing 
composites (4:1) after 7 days immersion in Tris-buffer solution. It can be seen 
that the concentration of Ca2+ decreases; whereas the concentration of Mg2+ 
increases.  
 
 
 
 
      
  
 
 
 
 
 
 
 
 
 
 
Figure 154: Ionic dissolution of FA(4:1) containing composites with MgO content after 
7 days immersion in Tris-buffer solution. 
 
On the other hand, the concentration of released P is almost zero in the 
solution for the composite containing (9.93 and 16.13 mol%) MgO. The trend 
of Si remained constant which is probably because its close to the solubility 
level (≈60 mg/L).  
In general, the profile of the ionic dissolution of the (4:1) series after 3 days 
immersion in Tris-buffer solution is consistent with that seen after 7 days.  
However, the Si concentration is below the solubility limit which means that 
the silica-gel layer has not formed yet. In addition, the concentration of P is 
higher than that measured after 7 days. Though, the P concentration from the 
low MgO containing composite (9.93 mol%) is almost zero.  
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Figure 155: Ionic dissolution of FA(14:1) containing composites with MgO content 
after 3 days immersion in Tris-buffer solution. 
 
Figure 155 shows the ICP analyses of the low FA containing composites 
after 3 days immersion in Tris-buffer solution. The profile of the ions released 
is close to that of the high FA containing composites (4:1) after 3 days 
immersion. However, the measured Ca2+ and P concentrations of the low FA 
composites are higher than that of the (4:1) series. 
  
B- Ionic dissolution with soaking time: 
 
The ionic dissolution of the high FA containing composites (4:1) with soaking 
time in Tris-buffer solution is described in Figure 156. In general, the 
dissolution rates of Ca2+, Mg2+ and Si increase with time. For Ca2+, the 
highest initial rate was assigned for QMF5 (9.93%)-FA, then with time the 
highest dissolution rate was allocated for the composite containing high MgO 
content (22.13 mol%). For Mg2+, the highest dissolution rate was associated 
with composite containing high MgO content (22.13 mol%). The released Si 
from glass matrix increases with soaking time. The measured P 
concentration, on the other hand, appeared to be high initially then decreases 
with time.  
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Figure 156: Ionic dissolution of the high FA(4:1) containing composites with time after 
3 & 7 days immersion in Tris-buffer solution. 
 
   7.1.3.4 XRD:   
 
XRD patterns of the immersed composites (4:1) are different from their 
parent composite powders. The amorphous halo has disappeared and the 
intensity at 15-25o, 2θ increased.  In addition, the intensity of the diffraction 
peaks of the initial composite increased; and the full width half maximum 
(FWHM) of these peaks was amplified compared with the initial composite 
powder. Evidently, these features are more pronounced in the XRD patterns 
of (9.93%-FA) and (16.13%-FA) composites; whereas less obvious in the 
XRD patterns of the high MgO containing composites, as shown in Figure 
157A&B.    
Figure 158 shows XRD patterns of the QMF5 (9.93 mol%) MgO and the 
composite QMF5-FA (4:1) before and after 7 days immersion in Tris-buffer 
solution. It can be seen that the initial glass was able to form apatite after 7 
days immersion in Tris-buffer solution; this is evident from the presence of 
diffraction peaks at 25.8 and 31.8, 2θo. However, these peaks were broad. 
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Interestingly, XRD patterns of the immersed composite QMF5-FA exhibit 
more separate and sharper diffraction peaks compared with that of the 
immersed glass. Evidently, XRD patterns of the composite QMF5-FA shows 
that the amorphous halo has disappeared and the intensity at 15-25, 2θo 
increased  
In contrast, XRD patterns of the initial QMF11 (22.13 mol%) MgO glass did 
not show any evidence of apatite formation, as shown in Figure 159. 
Therefore, the XRD patterns of the composite QMF11-FA before and after 7 
days immersion in Tris-buffer solution were identical.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure157: XRD patterns of the initial and immersed composite powder at different 
time points, A) QMF5 (9.93%)-FA; B) QMF11 (22.13%)-FA(4:1). 
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XRD patterns of the high FA containing composites after 3 days immersion in 
Tris-buffer solution were similar to that observed after 7 days. However, the 
increase in FWHM was seen only in the XRD patterns of (9.93%-FA) 
composite. 
 
 
 
 
  
 
 
 
 
 
 
 
Figure 158: XRD patterns of QMF5 (9.93 mol%) and composite QMF5-FA(4:1) before 
and after 7 days immersion in Tris-buffer solution. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 159: XRD patterns of QMF11 (22.13 mol%) and composite QMF11-FA(4:1) 
before and after 7 days immersion in Tris-buffer solution. 
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Figure 160: XRD patterns of the initial and immersed composite powder after 3 days 
immersion in Tris-buffer solution (A) QMF5 (9.93%)-FA(14:1) and(B) QMF(22.13%)-
FA(14:1). 
 
XRD patterns of the low FA composites (14:1) after 3 days soaking in Tris-
buffer solution are slightly different from that of the first series (4:1), as 
depicted in Figure 160. The immersed composites of this series share the 
feature of the disappearance of the amorphous halos and the increased 
intensity at 15-25o, 2θ. XRD patterns of the low FA containing composites 
showed that the intensity of the diffraction peaks is less pronounced 
compared with the first series (4:1). Furthermore, the increase in the FWHM 
of the apatite peaks was seen only in the XRD patterns of (9.93%-FA) 
composite.  
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    7.1.3.4 FTIR: 
 
FTIR spectra of the immersed FA containing composites (4:1) are dissimilar 
to the untreated composites. The broad band of the untreated composites at 
1034-941cm-1 disappeared and is replaced with a single sharp peak at 1039 
cm-1. This peak can be assigned for a depleted alkali and alkaline silica-gel 
layer or to the P-O bending vibration of PO4
3- tetrahedra. Furthermore, the 
amplitude of the two split peaks at 610-560 cm-1 is amplified.  
Similar changes were seen after 3 days soaking in Tris-buffer of this series 
(4:1). Though, the intensity of the two divided peaks at 610-560 cm-1 
decreases with increasing MgO content, as an example illustrated in Figure 
161A&B.  
FTIR spectra of the low FA containing composites (14:1) showed similar 
modifications to that seen in the spectra of the first series (4:1) after 3 days 
immersion, as shown in Figure 162. This indicates that the initial glasses 
underwent structural changes and a silica-rich layer formed. However, the 
intensity of the two split bands at 610-560 cm-1 is not comparable with that 
perceived in the first series (4:1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
0.2
0.4
0.6
0.8
1
1.2
1.4
5207209201120132015201720
In
te
n
s
it
y
 (
a
.u
.)
 
Wavenumber cm-1 
Initial 
Tris-7 Ds 
Tris-3 Ds 
A 
       
294 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 161: FTIR spectra of the initial and immersed composite powder at different 
time points, A)QMF5 (9.93%)-FA and B) QMF11(22.13%)-FA(4:1). 
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Figure 162: FTIR spectra of the initial and immersed composite powder after 3 days 
immersion in Tris-buffer solution (A) QMF5(9.93%)-FA(14:1) and (B)QMF11(22.13%)-
FA(14:1). 
 
    7.1.4 Coating of MgF2-FA series 
   7.1.4.1Characterization of Initial glass coating: 
   7.1.4.1.1 XRD: 
 
XRD diffraction patterns of the high FA containing composite coatings (4:1) 
showed that the coatings structure consists of amorphous and crystalline 
phases. This is evidenced from the presence of amorphous halo at 20-30o, 
2θ and diffraction peaks at 25.8, 31.8, 32.2 and 39.8o, 2θ, as an example 
shown in Figure 163. Interestingly, a new diffraction peak was observed at 
10o, 2θ in the XRD patterns of the composite coatings. This peak was not 
identified clearly in the XRD patterns of the composite powder. This indicates 
that a new phase might develop during the coating process.  
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Figure 163: XRD patterns of the initial composite powder and coating of the 
QMF8(16.13 mol%)-FA(4:1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 164: XRD patterns of the initial composite powder and coating of the 
QMF8(16.13 mol%)-FA(14:1). 
 
 
XRD patterns of the low FA containing composite coatings (14:1) showed 
similar feature to that seen in the XRD patterns of the composite powder. 
However, the amplitude of the diffraction peaks seems to be greater after the 
coating procedure, as illustrated in Figure 164. XRD analyses of the 
diffraction peaks indicate that these peaks correspond to FA. 
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 7.1.4.1.2 FTIR:  
  
FTIR spectra of the high FA containing composite coatings (4:1) are 
consistent with the initial composite powder. These composite coatings have 
a single broad band at 1048-905 cm-1, which is related to Si-NBO stretching 
bands. However, a slight distortion of the main band can be noted. The two 
split bands at 610-560 cm-1, which represent apatite structure, can also be 
seen. These features confirm that the coating structure comprises of 
amorphous silicate and FA crystalline phases, as an example shown in 
Figure 165.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 165: FTIR spectra of the initial composite powder and coating-QMF8(16.13 
mol%)-FA(4:1). 
 
FTIR spectra of the low FA (14:1) composite coatings are consistent with that 
of the composite powder, as an example illustrated in Figure 166. A broad 
single peak at 1023-876 cm-1 and two less developed split peaks at the low 
energy zone (610-550) cm-1 can be seen.  
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Figure 166: FTIR spectra of the initial composite powder and glass coating-
QMF8(16.13 mol%)-FA(14:1). 
 
Optically, the coatings of the high FA containing composites (4:1) appeared 
to be opaque; whereas the low FA containing composite coatings have a 
trasperant appearance. Figure 167 shows the visual appearance of the high 
and low composite coatings at higher magnification.  
 
 
 
 
 
 
 
 
 
Figure 167: Optical appearance of composite coating-QMF11(22.13 mol%)-FA(4:1)-left 
and QMF8 (16.13 mol%)-FA (14:1)-right. 
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  7.1.4.1.3 SEM-EDS of glass coating: 
A- SEM-EDS of coating surface: 
Figure 168 illustrates SEM micrographs of the composite coating QMF11 
(22.13%)-FA (4:1). This coating was fabricated at 720oC for 30 minutes. No 
evidence of bubbles and cracks can be seen. The coating surface contains 
whitish particles non-merged with glass coating matrix, which could be FA 
particles.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 168: SEM micrograph of the composite coating surface-QMF11-FA(22.13%)-
FA(4:1). P: tiny pores.  
 
An elemental line scan analysis across the coating surface was performed as 
shown in Figure 169. It can be observed from this that the coating surface is 
homogenous and cohesive. This is evident from the uniform distribution of 
the composite elements across the coating surface.    
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Figure 169: SEM of the coating surface and associated EDS line profile analysis for a 
composite coating QMF11(22.13%)-FA(4:1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
5
10
15
20
25
0 50 100 150 200
W
e
ig
h
t 
%
 
Distance(micron) 
Na
Si
P
K
Ca
Mg
       
301 
 
 
 
 
Figure 170 shows SEM micrographs of the composite QMF8 (16.13%)-FA 
(14:1) coating fabricated at 740oC for 2 min. The surface appears cohesive 
and homogenous and no evidence of bubbles and cracks can be observed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 170: SEM micrograph of the coating surface-QMF8-FA(16.13%)-FA(14:1).P:tiny 
pores. 
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Figure 171: SEM micrograph of the coating surface and associated EDS line profile 
analysis for a composite coating QMF8(16.13 mol%)-FA(14:1). 
 
 
An elemental line scan analysis has been performed a long the coating 
surface. According to Figure 171, the coating surface is homogenous since 
the composite elements are distributed evenly across the coating surface.  
  
B- SEM-EDS of composite-metal interface: 
Figure 172 illustrates SEM micrographs of the composite-metal interface of 
QMF11-FA (4:1). It can be seen that there is no evidence of porosity or 
bubbles at the glass-metal interface.  
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Figure 172: Backscattered images of the glass-metal interface-QMF11(22.13%)-
FA(4:1). 
 
Backscattered images revealed that the composite-metal interface is ≈ 5.45 
µm, which represents the distance of the elemental interdiffusion and 
chemical bonding between the two phases. The thickness of the coating 
ranged between 175-185 µm, which is fairly similar to the coating thickness 
of the MgF2 series. 
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Figure 173: Cross section and associated EDS line profile analysis for composite 
coating QMF11 (22.13%)-FA(4:1). G: glass. 
 
 
Line scan analysis of the composite-metal interface of the coatings reveals 
the elemental interdiffusion phenomenon. Furthermore, the elements are 
distributed evenly across the coating side. However, the highest 
concentration is assigned for Ca and Si, as demonstrated in Figure 173. 
Interestingly, the line scan analysis does not show evidence of the presence 
of FA at the composite-metal interface.  
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Figure 174: Backscattered images of the composite-metal interface-QMF8(16.13 
mol%)-FA(14:1). 
 
 
SEM micrographs of the glass-metal interface of the composite coating 
QMF8 (16.13%)-FA (14:1) were not very different from the high FA 
containing coating, as demonstrated in Figure 174. It is very clear that there 
are no discontinuities or bubbles at the interface. A small gap can be seen 
between the composite and the metal which is about 3 µm. Notably, the 
composite-metal interface (the gap) of this coating is less than that of the 
previous coating. The visual thickness of the coating ranged 112-130 µm, 
which is less than that of the previous coating.  
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Figure 175: Cross section and associated EDS line profile analysis for composite 
coating  QMF8(16.13%)-FA(14:1). 
 
 
Figure 175 shows the elemental line scan analysis across the glass-metal 
interface. The line scan analysis confirms the establishment of the elemental 
interdiffusion phenomenon between the two phases. Evidently, the line scan 
profile did not exhibit any reaction product of the interdiffusion at the firing 
parameters used. No evidence of FA profile can be detected by the line scan 
analysis. Again the fluorine concentration cannot be detected by ICP 
spectroscopy.  
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    7.1.4.2 The composite- metal interface:  
 
Simple qualitative scratching test using dental probe was performed to 
evaluate the composite-metal interface. In general, the adhesion of these 
series is weaker than the MgO series. However, the adhesion of the low FA 
loading composite (14:1) to titanium substrate is better than that of the high 
FA containing composite (4:1). 
 
Figure 176: XRD patterns of pure titanium disk and detached composite coating QMF8 
(16.135%)-FA showing diffraction peaks of TiSi layer. 
 
XRD analyses of the detached coating samples were performed to try and 
detect the presence of titanium silicide layer. The diffraction peaks observed 
in the XRD patterns of the high FA containing coating correspond to a TiSi2 
layer and that of low FA containing coating are associated with TiSi, as 
shown in Figure 176.  
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 Figure 177: XRD patterns of composite coatings QMF11-FA(4:1) and QMF8-FA(14:1)  
/inner surface showing diffraction peaks of TiO2 layer.  
  
Figure 177 shows XRD patterns of the inner surface of the detached 
composite coatings QMF8-FA(14:1) and QM11-FA(4:1). XRD analyses of the 
diffraction peaks indicated that these peaks could be associated with a 
brookite type-TiO2 layer. However, this layer cannot be detected by SEM-
EDS of the glass-metal interface of these coatings.  
 
    7.1.4.3 Bioactivity test of composite coatings:  
    7.1.4.3.1 pH changes: 
 
The pH trend of Tris-buffer solution with time of the high (4:1) and low FA 
(14:1) containing composite coating increases gradually from 7.35 to almost 
7.9, as an example give in Figure 178. The composite coating containing 
high MgO content (22.13 mol%) has the lowest pH value compared with 
other coatings.  
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Figure 178: pH changes of Tris-buffer solution with time of the low FA (14:1) 
containing composite coating- 1 month immersion. 
 
The pH profile of the SBF of both series (4:1 and 14:1) increased from the 
initial pH value (7.35) to almost 8.  Similar to the pH profile of the Tris-buffer 
solution, the composite with high MgO content has the lowest pH value. 
Evidently, there is no significant difference between the pH values of Tris 
buffer solution and SBF of the high (7.8 versus 8) and the low (7.9 versus 8) 
FA series. Figure 179 shows an example of pH trend of SBF of the high FA 
composite coatings (4:1). 
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Figure 179: pH changes of SBF with time of the high FA (4:1) containing composite 
coating- 1 month immersion. 
 
 
    
   7.1.4.3.2 Fluoride analysis: 
 
Figure 180 shows the concentration of fluoride released after 1 month 
immersion in Tris-buffer solution as a function of MgO content of the high FA 
containing coatings. It can be observed that there is a linear correlation 
between the amount of fluoride released and MgO content.  Nevertheless, 
the released fluoride in Tris-buffer solution of the low FA containing (14:1) 
coatings decreases with MgO content.  
 
 
 
 
 
 
 
 
 
 
 
                     
Figure 180: Ionic released of fluoride in Tris-buffer solution with MgO content of the 
high(4:1) FA containing composite coating. 
 
The trend of fluoride released in SBF of the low and high FA composite 
coatings is consistent and indicates that the amount of fluoride released is 
proportional with MgO content. Interestingly, the difference in the amount of 
fluoride released in SBF between the high and low FA containing composite 
coatings is minimal (0.20 and 0.17 mg/L, respectively). Figure 181 shows 
fluoride released of the low FA series in SBF after 1 month immersion.  
 
 
 
 
 
 
0.1
0.11
0.12
0.13
0.14
0.15
0.16
0.17
0.18
0.19
0.2
9 11 13 15 17 19 21 23
F
 c
o
n
c
e
n
t.
 (
m
g
/L
l)
 
MgO mol% 
       
311 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 181: Ionic released of fluoride in SBF with MgO content of the low(14:1) FA 
containing composite coating. 
 
    7.1.4.3.3 ICP analysis: 
    7.1.4.3.3.1 Tris-buffer solution studies: 
 
Figure182 shows ionic dissolution of the 4:1 series in Tris-buffer solution with 
MgO content. It can be seen that the concentration of Ca2+ increases in the 
solution with MgO content of the composite containing 9.93 and 16.13 mol% 
MgO. In contrast, the released Ca2+ decreases in the solution for the high 
MgO bearing composite.  
The profile of Mg2+ is similar to that of Ca2+, it increases with MgO content for 
the (9.93 and 16.13 mol%)  MgO containing composite coatings. The Si trend 
decreases with MgO content and does not reach the solubility level (≈ 60 
mg/L with SiO2 having a solubility of 0.12 g/L) (Brauer et al., 2010). 
Interestingly, the concentration of P cannot be detected by ICP.  
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Figure 182: Ionic dissolution of high FA(4:1) containing composite coatings in Tris-
buffer solution with MgO content.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 183: Ionic dissolution of low FA (14:1) containing composite coatings in Tris-
buffer solution with MgO content.  
 
Figure 183 illustrates the ionic dissolution of composite coatings (14:1) after 1 
month immersion in Tris- buffer solution with MgO content. It can be seen 
that the trends of Ca2+ and Mg2+ are similar to that of the high FA set. The 
concentration of Si is slightly increased; however, Si did not reach the 
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solubility limit. Consistently, ICP analysis could not detect any P after 1 
month immersion in Tris-buffer solution.  
  
    7.1.4.3.3.2 SBF studies: 
 
The ionic dissolution of the high FA containing composite coatings (4:1) after 
1 month immersion in SBF is different from that of Tris- buffer solution, as 
shown in Figure 184. The concentration of Ca2+ corresponds to decrease 
with MgO content. The trend of Mg2+ seems to increase with MgO content of 
the glass.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 184: Ionic dissolution of high FA(4:1) containing composite coatings in SBF 
with MgO content.  
 
The profile of Si release seems to be unchanged with MgO content and 
below the saturation level.  
Figure 185 demonstrates the ionic dissolution of the low FA comprising 
composite coatings (14:1) in SBF.  The concentrations of Ca2+, Mg2+ and Si 
increase with MgO content. In contrast, the composite coating with (22.13 
mol%) MgO has the lowest concentrations of the released Ca2+, Mg2+ and Si 
in SBF compared with other composite coatings.  
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Figure185: Ionic dissolution of low FA (14:1) containing composite coatings in SBF 
with MgO content.  
 
 
    7.1.4.3.4 XRD: 
    7.1.4.3.4.1 (4:1) composite coatings: 
 
XRD patterns of the high FA (4:1) containing composite coatings show 
structural changes after 1 month immersion in Tris-buffer solution. The most 
attractive feature is the increase in the (FWHM) of the diffraction peaks. The 
other noticeable feature is the disappearance of the amorphous halos after 
soaking in Tris-buffer solution. Similar changes have been observed after 1 
month immersion in SBF. In addition, the intensity at 15-25o, 2θ increased 
compared with the untreated composite coating. Figure 186A&B illustrates 
XRD patterns of the high FA containing composite coatings before and after 
immersion in Tris-buffer solution and SBF. 
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 Figure 186: XRD diffraction patterns of the initial and immersed composite coating A) 
QMF8 (16.13%)-FA and B) QMF11 (22.13%)-FA(4:1). 
 
    7.1.4.3.4.2 (14:1) composite coatings: 
 
Figure 187A&B illustrates XRD patterns of the low (14:1) composite coatings 
after 1 month immersion in Tris-buffer and SBF. Similar changes were 
observed after immersion in Tris-buffer solution to that seen in the XRD 
patterns of the (4:1) series. Interestingly, the amplitude of the diffraction 
peaks increases markedly after 1 month immersion compared with untreated 
composite coatings.  
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The XRD patterns of the low FA containing composite coatings (14:1) after 1 
month immersion in SBF are not significantly different from that after 
immersion in Tris-buffer solution. The only difference is that the intensity at 
15-25o, 2θ increased after SBF immersion.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 187: XRD diffraction patterns of the initial and immersed composite coating 
A)QMF8 (16.13%)-FA(14:1) and B) QMF11(22.13%)-FA(14:1). 
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7.1.4.3.5 FTIR: 
7.1.4.3.5.1 (4:1) composite coatings: 
 
FTIR absorbance spectra of the high FA containing composite coatings show 
structural changes after immersion in Tris-buffer solution compared with the 
initial composite coatings. The two split bands at 610-550 cm-1 become more 
evident after immersion compared with the initial composite coating. This 
indicates that the initial crystal phases have grown. In addition, the broad 
band at 1049-908 cm-1 disappeared and replaced with single sharp band at 
1030 cm-1. This band implies the precipitation of silica-gel layer.  
Interestingly, similar features have been seen after 1 month immersion in 
SBF. However, FTIR spectra of the high MgO containing (22.13 mol%) 
coating are similar to its parent composite coating. Figure 188 A&B illustrates 
FTIR spectra of QMF8-FA and QMF11-FA before and after immersion in 
Tris-buffer solution and SBF. 
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Figure 188: FTIR spectra of the initial and immersed composite coating A) QMF8 
(16.13%)-FA- and B) QMF11 (22.13%)-FA(4:1). 
 
 
    7.1.4.3.5.2 (14:1) composite coatings: 
 
FTIR spectra of the low FA containing composite coating (14:1) after 1 month 
immersion in Tris-buffer solution are similar to that of the high FA containing 
composite coatings. However, the composite coating having high MgO 
content (22.13 mol%) did not undergo structural changes after 1 month 
immersion; and the FTIR spectra is consistent with its parent composite 
coating.    
FTIR spectra of the same FA set after 1 month immersion in SBF are not 
very different from that after soaking in Tris-buffer solution. Furthermore, the 
spectra of the immersed and non-immersed composite coatings containing 
(22.13 mol%) MgO are indistinguishable. Figure 189A&B shows FTIR 
spectra of QMF8-FA and QMF11-FA before and after immersion in Tris-
buffer solution and SBF. 
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Figure 189: FTIR spectra of the initial and immersed composite coating A) QMF8 
(16.13%)-FA and B) QMF11 (22.13%)-FA(14:1). 
 
7.1.4.3.6 SEM-EDS: 
7.1.4.3.6.1 Tris-buffer study: 
 
Figure 190 shows SEM micrographs of the composite-metal interface of the 
high FA containing composite coating QMF8 (16.13%)-FA after 1 month 
immersion in Tris-buffer solution. A Ca-P rich layer can be observed at the 
glass surface (arrow). The elemental line scan analysis confirms that this 
layer is rich in calcium and phosphate. The line scan analysis shows that the 
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following layer is silica rich and this suggests the formation of silica-gel layer 
underneath the patite-like layer. Interestingly, the thickness of apatite-like 
layer ranged from 30-35 µm, which is less than the precipitated layer in SBF 
(discussed later).   
 
 
Figure 190: SEM micrographs of the composite coating QMF8(16.13%)-FA(4:1) 
before(A) and after (B) immersion in Tris-buffer solution. 
 
The rest of the coating interface seems to be homogenous and cohesive. 
This is evident from the uniform distribution of the composite elements across 
the coating-metal interface as represented by the line scan analysis, Figure 
191. However, a few tiny pores of various sizes and a gap between the 
composite coating and the titanium substrate can be seen.  
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Figure 191: Cross section and associated EDS line profile analysis for a glass 
QMF8(16.13%)-FA(4:1) coating after 1 month immersion in Tris-buffer solution. 
 
 
The SEM micrograph of the low FA containing composite coating QMF11 
(22.13%)-FA has been chosen, as an example of this series, to detect the 
effect of FA on coatings ability to form apatite in Tris-buffer, as shown in 
Figure 192. Again a Ca-P rich layer can be seen on the coating surface after 
1 month soaking. Figure 193 shows the line scan analysis across the 
coating-metal interface, which confirms the presence of this layer. In addition, 
a silica rich-layer formed underneath the apatite like film. 
 
0
20
40
60
80
100
120
0 25 50 75 100 125 150 175 200 225 250
W
e
ig
h
t 
%
 
Distance(micron) 
Na
Si
P
K
Ca
Mg
Ti
Ca-P layer 
       
322 
 
 
 
 
 
 
 
 
 
Figure 192: SEM micrographs of the composite coating QMF11(22.13%)-FA(14:1) 
before and after immersion in Tris-buffer solution. 
 
 
The thickness of the Ca-P layer ranged from 25-32 µm which is less than that 
formed on the coating surface of QMF8-FA (4:1). The rest of the coating-
metal interface appeared cohesive and homogenous; no evidence of porosity 
and gap between the two phases can be seen.  
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Figure 193: Cross section and associated EDS line profile analysis for a composite 
QMF11(22.13%)-FA(14:1) coating after 1 month immersion in Tris-buffer solution. 
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    7.1.4.3.6.2 SBF 
 
SEM micrographs of the coating-metal interface of composite coating QMF8 
(16.13%)-FA (4:1) after 1 month immersion exhibited an apatite like layer 
formed at the coating surface. The elemental line scan analysis across the 
coating-metal interface confirms the formation of this layer, as depicted in 
Figure 194. Besides, a silica-rich layer was precipitated beneath the apatite 
like layer. This is evident from the high concentration of the silica ions in the 
distance beneath the Ca-P rich film as noted in the line scan analysis. 
The thickness of this layer ranged (45-50 µm). Evidently, the thickness of this 
layer is more than that formed after 1 month immersion in Tris-buffer solution. 
Little porosity and a gap between the coating and underlying substrate can 
be seen in the SEM micrograph.  
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Figure 194: Cross section and associated EDS line profile analysis for a composite 
QMF8(16.13%)-FA(4:1) coating after 1 month immersion in SBF. 
 
The same composite but with low FA loading (14:1) was investigated by 
SEM-EDS after 1 month immersion in SBF, as shown in Figure 195. The 
bioactivity of this composite coating was evaluated for comparison with that 
of the high FA containing coating. This is to evaluate the effect of different FA 
loading on apatite formation. Interestingly, SEM micrograph of this coating 
0
5
10
15
20
25
30
35
40
45
0 9 18 27 36 45 54 63 72 81
W
e
ig
h
t 
%
 
Distance(micron) 
Na
Si
P
K
Ca
Mg
Ca-P layer 
       
326 
 
shows features similar to that seen in the SEM images of the (4:1) composite 
coating. However, very little porosity can be noticed.  
Figure 196 shows line scan analysis across the composite-metal interface, 
which confirms the presence of a Ca-P layer and a silica-gel layer.  
  
 
Figure 195: SEM micrographs of the composite coating QMF8(16.13%)-FA(14:1) 
before(A) and after(B) SBF immersion-1 month. 
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Figure 196: Cross section and associated EDS line profile analysis for a composite 
QMF8(16.13%)-FA(14:1) coating after 1 month immersion in SBF. 
 
The thickness of the Ca-P rich layer that observed in the SEM micrograph 
ranged (40-50µm), which is similar to that formed on the high FA containing 
composite coating.  
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7.2. Discussion- MgF2-FA series 
    7.2.1 Introduction: 
 
The characterization of the thermal properties of the MgF2 series indicates 
that the TEC of these glasses decreases with MgO content. However, 
bioactivity assays showed that the onset of apatite formation increases with 
increasing MgO content. The glass containing low MgO content (9.93 mol%) 
exhibited apatite formation after 3 days in SBF. Yet, the difference between 
the TEC of this glass and titanium substrate is noted. A clear evidence of 
apatite formation has been observed on the surface of QMF8 (16.13 mol%) 
after 7 days immersion in SBF and Tris-buffer solution. However, the 
bioactivity of this glass was ambiguous after 3 days immersion in SBF. In 
addition, TEC of this glass is slightly higher than that of titanium substrate.  
The high MgO containing glass (22.13 mol%), on the other hand, has TEC 
that is fairly close to that of titanium, though, this glass has a very long onset 
of apatite formation. 
Therefore since these glasses have TECs relatively close to that of titanium; 
attempts have been made to improve the bioactivity without modifying the 
glass composition. In order to do so, an apatite phase is mixed with the glass 
particles to reduce the time for the onset of apatite formation without affecting 
the sinterability of the glass particles. 
The literature showed that the activation energy for growth of FA is lower 
than that of HA (Rakovan, 2002). If FA is embedded into the silicate glass 
matrix, the composite material combines the osteoconductivity of FA crystal 
phase and the bone-regenerative capacity of the bioactive glass (Hench, 
2006). In addition, Bhadang and Gross, 2004 stated that FA increases the 
coatings roughness. The rough implant surfaces have more potential to 
promote cell adhesion compared with smooth surfaces (Keller et al., 2003).  
However, FA has a TEC close to that of titanium (9.4X10.3-6 /oC) (Zhang et 
al., 2006) compared with bioactive glasses. The difference between TEC of 
FA crystals and that of MgF2 glasses might induce thermal stresses between 
the two phases. This factor limits the concentration of FA that could be added 
to the MgF2 glasses. For this reason, FA crystals were mixed with the glass 
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particles of the selected MgF2 glass series in two different proportions. In the 
first series the ratio of glass to apatite is (4:1) and (14:1) for the second 
series. This is to investigate the effect of FA crystals on the bioactivity of the 
initial glass powder and glass coatings.  
 
     7.2.2 Characterization of the composite powder: 
    7.2.2.1 X-Ray diffraction (XRD): 
The presence of the amorphous phase in the composite structure is very 
important for viscous flow sintering during the coating process. This is 
because the amorphous matrices are more able to sinter compared with 
crystalline one (Bordia and Raj, 1986). The amorphous structure is also 
essential for apatite forming ability of the glasses. Bioactivity depends on the 
glass degradability and dissolution in the biological fluids. The amorphous 
state has a higher energy than the crystalline state; therefore, the 
degradation and dissolution of the former is higher than the latter (Grant, 
1999; Byrn et al., 1999).  In other words, the apatite forming ability is driven 
by the amorphous phase (Li et al., 1992C). Although FA crystals have been 
added to enhance glass bioactivity, the glass degradation and dissolution in 
the aqueous medium is still mandatory to provide the essential ions for 
apatite formation. 
   7.2.2.2 Fourier transform infra-red spectroscopy (FTIR): 
The FTIR spectra are in agreement with XRD analyses of the composite 
coatings of the high and low FA set, as both techniques showed that these 
composites have amorphous and crystalline structure. In fact, the presence 
of the two split bands at 610-550 cm-1 depends on the concentration of the 
FA crystals. These two bands are more pronounced in the high FA (4:1) 
containing composites; whereas they are less obvious in the low FA (14:1) 
composites as might be expected.  
 
    7.2.3 Bioactivity of the composite-powder: 
   7.2.3.1 Role of silica-gel layer in apatite formation: 
 
The influence of the silica-rich layer and the silanol groups, in particular on 
HCA formation has been studied in many works. It is stated that the silanol 
groups of the silica-gel layer act as nucleation sites for apatite formation (Cho 
et al., 1995; Kokubo et al., 2003; Curruti, 2004). These groups are flexible 
enough to supply the correct atomic distances required by the crystal 
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structure of HCA (Karlson et al., 1989). However, Oliveira et al., 2003 
proposed that not all the OH groups are apatite stimulators; and these groups 
must develop a negative charge for apatite nucleation (Li et al., 1993A). 
Recently, Kukobo, 2005 stated that the silanol groups stimulate apatite 
formation through the deposition of amorphous calcium silicate and calcium 
phosphate. This is probably due to the negative charge of these groups on 
the hydrated silica layer (Liu et al., 2004).  
The general role of the hydrated silica-gel layer in the formation of HCA is still 
under investigation. It is thought that the formation of a hydrated silica layer 
decreases the interface energy between the glasses and the apatite phase 
(Dong-hui et al., 2002). Polycondensation reactions of silica play a critical 
role in a Ca-P layer formation and its nucleation and crystallization to HCA 
(Hench et al., 1991; Kokubo et al., 1992). Kokubo, 1991 attributed the 
formation of surface apatite layer to the released silica in the solution. Others 
suggested that the hydrated silica layer promotes apatite deposition either by 
accommodation of phosphate ions (Andersson and Karlsson, 1991; 
Andersson and Kangasniemi, 1991); or the development of HCA on the 
surface of the gel (Hench, 1991). In contrast to the Hench mechanism, 
Karlsson and co-workers 1989 suggested that the silica-gel layer may act as 
an epitaxial site for HCA formation. However, the epitaxial growth 
necessitates the compatibility of the structure of the parent crystals and the 
grown layer. The glasses in the system CaO.SiO2 free of P2O5 exhibit apatite 
formation on the surface of silica-gel layer in SBF; whereas glasses 
CaO.P2O5 do not (Kokubo, 1990; Ohtsuki et al., 1992). This may explain the 
influential role of hydrated silica-gel layer in the surface apatite nucleation 
and crystallization.  
 
    7.2.3.2 Epitaxial growth: 
 
Epitaxial growth refers to the growth of a thin surface layer on a substrate 
(seed crystals) in which the crystal properties of the surface layer are 
inherited from those of the substrate. Epitaxial growth involves deposition, 
diffusion and attachment of atoms or molecules on the surface. In general, 
there are two types of epitaxial growth: homoepitaxial and heteroepitaxial 
growth. Homoepitaxy is the simplest form of epitaxy and refers to the 
situation where both the surface layer and the substrate have similar 
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structure. Heteroepitaxy, on the other hand, states the condition in which the 
surface layer and the substrate are structurally different. 
 All the models of epitaxial growth agreed that the growth is driven by the free 
energy of the surface substrate, the interface free energy and the surface 
free energy of the growth layer (Copel et al., 1989). Consistently, matching 
lattice structure of the substrate (seed crystals) and the surface film is an 
important aspect of epitaxial growth. The lattice strain at the layer-substrate 
interface is low in case of homoepitaxy; whereas in heteroepitaxy, there is a 
mismatch between the lattice structure and the surface film, and hence the 
interface can be strained or relaxed depends on the amount of dissimilarities 
(Garg, 2001).  
In fact, the presence of nucleating seeds promotes the phase formation 
through the epitaxial growth process (Roy et al., 1986). If the lattice structure 
of the nucleating phase matching that of the substrate, the energy barrier for 
nucleation reduces to the level that required for epitaxial growth of the new 
phase (Anilkumar, 2010). Therefore, the seed crystals are used to bypass the 
stage of nucleation and start the growth phase immediately (Dieu, 2009).  
 
    7.2.3.3 Apatite as a seeding nucleation: 
 
Conventionally, bioactive glasses can form bone-like apatite in physiological 
solutions by exhibiting specific functional groups such as Si-OH on their 
surfaces (Filgueriaset al., 1993; Ohtsukiet al., 1992; Li et al., 1992A). These 
groups display a negative charge and attract Ca2+ from the biological fluids 
resulting in the formation of an amorphous calcium silicate layer 
(Takadamaet al., 2001A; Takadamaet al., 2001B; Corenoet al., 2001). 
Presumably, the amorphous calcium silicate layer exhibits a positive charge 
and joins the negatively charged phosphate ions to form an amorphous Ca-P 
layer, which ultimately crystallises to an apatite like layer. 
However, many studies suggested that an apatite film can be formed on an 
already existing apatite layer (Kim et al., 2005; Aparicio et al., 2007). It has 
been claimed that the initial apatite layer exhibit a negative charge by 
exposing OH- groups and phosphate in the crystal structure. Therefore, a 
specific interaction occurs with positive calcium ions in the solution and as a 
consequence a non-apatitic Ca-P layer forms. The positive charge of this 
layer increases due to further accumulation of Ca2+ from the surrounding 
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fluids. The negative phosphate ions in the solution interact particularly with 
this layer and form an amorphous Ca-P layer. This layer envisaged as a 
cursor, which eventually crystallises to form a crystalline Ca-P layer (Hench 
1991; Ohtuski et al., 1992).  
It is commonly accepted that FA is similar to HA from structural and chemical 
point of view. Therefore, FA crystals are expected to behave similarly to HA 
in the physiological solutions. This is by exposing the negative charge of 
fluorine ions, and act as a nucleation site for formation or growing of apatite 
phases. Figure 149 shows a schematic representation of the mechanism of 
apatite growing on seeded crystals in Tris-buffer solution.  
The apatite-forming ability of the composites containing high FA (4:1) was 
studied at two time points (3 and 7 days). The bioactivity of the low FA 
containing composites (14:1) was evaluated after 3 days. This is to optimise 
FA concentration that can improve bioactivity of the initial (MgF2) glasses 
without interfering with the viscous flow sintering during enamelling.  
 
 
 
 
 
 
 
 
Figure 197: Mechanism of growing apatite on the initial FA phases in Tris-buffer 
solution. 
 
   7.2.3.4 pH of Tris-buffer solution: 
   7.2.3.4.1 pH (with immersion time): 
 
The result of pH measurement after 7 days immersion was expected, as a 
proportion of MgO behaves as an intermediate oxide and cross-links the 
glass network. As a result, the degradability and dissolution of the 
composites decrease and a reduced pH change is observed. 
The differences between pH values of Tris-buffer solution after 3 and 7 days 
of the high FA containing composites could be attributed to the difference of 
the immersion time between the two studies. Whereas the difference 
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between pH values of Tris-buffer solution of the high and low FA containing 
composites could be ascribed to the difference of FA concentration and the 
effect of fluoride on pH of the solution.  
 
   7.2.3.4.2 pH (as a function of MgO content): 
 
The decrease pH values of Tris-buffer with MgO content could be due to the 
increase of the MgO concentration in the composite, as the partial 
replacement of MgO for CaO reduces glass degradability and dissolution (Ma 
et al., 2010). In addition to that, Mg was totally substituted for Zn in the initial 
glasses in the MgO and MgF2 forms. Supposedly, the concentration of 
fluoride also increases after addition of FA crystals. As mentioned in chapter 
6, fluoride is usually associated with bivalent cations such as Mg2+ and Ca2+ 
in the glass structure. Therefore, the amount of fluoride released increases 
with increasing Mg concentration; and pH of the solution decreases due to 
the ionic exchange of fluoride with OH- groups. These findings are in 
agreement with that of MgF2 series (chapter 6).  
 
    7.2.3.5 Fluoride analysis: 
    7.2.3.5.1 Fluoride released as a function of MgO content: 
 
Fluoride is usually associated with bivalent cations such as Ca2+ and Mg2+ in 
the glass structure, discussed previously. Therefore, the released fluoride in 
the solution increases with MgO content. This result is consistent with pH 
changes, as the composite with the highest MgO content has the lowest pH 
value. This is due to the ionic exchange of F- with OH- groups in the solution, 
which buffers the effect of ionic exchange of cations with H+ in the solution. 
The XRD and FTIR spectra of the initial MgF2 glasses having a low (9.93 
mol%) and medium (16.13 mol%) MgO content showed apatite like phases 
after 7 days immersion. However, this feature was less clear at 3 days 
immersion in SBF. These findings indicate that the amount of F- incorporated 
into a Ca-P layer after 7 days is more than that after 3 days. Therefore, the 
measured fluoride after 3 days is higher than that after 7 days immersion. 
The high fluoride measurement in the solution containing low FA composites 
could be ascribed to the low FA concentration; as less nucleation sites are 
available for growing and formation of new crystal phases. Consequently, a 
smaller amount of F- is incorporated into apatite precipitation compared with 
that after 3 and 7 days of the (4:1) series. It should be pointed out that the 
       
334 
 
MgF2 glass containing high MgO content (22.13 mol%) was excluded from 3 
days study of the MgF2 series, as it failed to form apatite after 7 days 
immersion in Tris-buffer solution and SBF. 
 
   7.2.3.5.2 Fluoride released with immersion time: 
 
The trend of released fluoride with immersion time of the (4:1) series 
indicates that fluoride was incorporated into a Ca-P layer after 7 days 
immersion. However, the trend of released fluoride of the low MgO containing 
composite (9.93 mol%) levels off, rather than decreasing with soaking time. 
As discussed in chapter 6, this glass was able to form surface apatite after 7 
days immersion in Tris-buffer solution. This may be due to the low MgO 
content of this glass compared with other glasses. Therefore, the amount of 
released fluoride is influenced by MgO content, the amount of released 
fluoride of this composite is low compared with other composites. This means 
that this glass might not consume the released fluoride for apatite deposition, 
and the concentration of fluoride in the solution remained unchanged with 
time. Hence, the level of fluoride in the solution remained steady with soaking 
time.  
The highest fluoride dissolution rate is assigned for the composite containing 
high MgO content is explained previously. 
 
    7.2.3.6 ICP analysis: 
    7.2.3.6.1 Ionic dissolution as a function of MgO content: 
 
The reduction of Ca2+ concentration in the solution containing high FA series 
could be attributed to the consumption of this ion for growth of the initial FA 
phase or the formation of new apatite. The other argument for the reduction 
of Ca2+ concentration could be ascribed to the partial replacement of MgO for 
CaO in the initial glass composition. The concentration of Mg increases in the 
solution as the concentration of Mg increased in the glass composition. 
The P trend indicates that this ion is incorporated into a Ca-P layer. However, 
the P concentration in the solution increased with increasing MgO content. In 
other word, the concentration of P in the solution containing high MgO 
composite (22.13 mol%) is 10.2 mg/L, which is higher than other composites. 
This implies that the high MgO composites are consuming less P compared 
with low (9.93 mol%) MgO composite. Again this is ascribed to the effect of 
high Mg concentration, as this element retards the process of apatite 
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formation. The Si trend highlights that a depleted silica-gel layer could be 
formed on the composite surface. Interestingly, the Si profile is concomitant 
with the P concentration of the low MgO containing composite. As discussed 
previously, when silica reaches its solubility level, the concentration of P 
decreases due to the apatite formation. 
The depletion of the solution from P after 3 days immersion means that this 
ion is incorporated into an apatite layer on the surface of this composite.  
The higher concentrations of Ca2+ and P in the solution containing low FA 
composites could be attributed to the low FA concentration and 
corresponding low concentration of apatite nuclei present in the (14:1) 
composites; which affects the utilization of these ions for apatite growth or 
formation. These results are unexpected, as the pH of the Tris-buffer solution 
of the low FA containing composites was higher than that of the high FA 
bearing composites. Therefore, it was expected that the low FA containing 
composites are more able to consume these ions (Ca2+ and P) for apatite 
growth or formation. This indicates that the low FA concentration in the ratio 
of (14:1) is less able to improve glass bioactivity compared to that in (4:1) 
ratio.  
   7.2.3.6.2 Ionic dissolution with soaking time: 
 
The shift in Ca2+ trend with immersion time implies that the released Ca2+ is 
consumed for apatite growth by the composites containing (9.93 and 16.13 
mol%) MgO. The high Mg dissolution rate of the composite containing (22.13 
mol%) with time is expected, as the concentration of Mg increased in the 
initial glass composition. The reduction in the concentration of P with soaking 
time is quite clear, as this ion might be incorporated into the growing or 
formed apatite layer. This feature was peculiar for the composites containing 
(9.93 and 16.13 mol%) MgO content. The high (22.13 mol%) MgO content 
composite shows a different P trend, as the concentration was below zero, 
then the rate increases with time. This highlights that the released P was 
below the detection level of ICP spectroscopy. Following this, the P 
concentration increases with time without being consumed for apatite growth 
or formation. This is due to the high Mg content of the initial glass, as it is 
thought that this element supresses apatite crystal growth. 
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    7.2.3.7 XRD: 
 
The disappearance of the amorphous halo and increase intensity of the 
immersed composites indicate that the initial glasses underwent structural 
changes and a silica-gel layer formed. The increase intensity and FWHM of 
the diffraction peaks reveal that the crystal size increases after 7 days 
immersion. These features are less pronounced in the XRD patterns of the 
high MgO containing composite may be due to the high MgO content (22.13 
mol%) of this composite compared with other composites. This indicates that 
Mg still has a considerable effect on the glass bioactivity, as it hinders the 
glass degradation and dissolution. Therefore, the addition of FA could 
promote glass bioactivity, but the degradation and dissolution of the initial 
glass is still required for apatite deposition. 
The XRD patterns of QMF5(9.93 mol%) glass showed diffraction peaks after 
7 days immersion.  However, these peaks were broad, which indicates that 
either the crystal size was still small or the crystals have a disordered 
structure. Interestingly, XRD patterns of the immersed composite QMF5-FA 
exhibit more separate and sharper diffraction peaks compared with that of 
the immersed glass. This indicates that the apatite crystals have grown and 
the initial apatite phases act as nucleation sites, rather than the formation of 
new apatite crystals. Evidently, XRD patterns of the composite QMF5-FA 
shows that the amorphous halo has disappeared and the intensity at 15-25, 
2θo increased. This highlights that the immersed glass underwent dissolution 
and the released ions from glass matrix were consumed for the growth of 
apatite phases.  
The inability of QMF11-FA to show evidence of apatite formation as the initial 
glass QMF11 (22.13mol%) failed to exhibit such a feature after 7 days 
immersion in Tris-buffer solution.  As explained previously, this is due to the 
high MgO content of the initial glass and its effect on glass dissolution.    
In general, the features of immersed composites indicate that the structure of 
the composite changed from a mixed amorphous and crystal structure to 
completely crystal like structure. This shifting in the composite structure is 
due to the growth of apatite phases, rather than the formation of new phases 
as a result of the degradation and dissolution of the initial glasses.  
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The XRD features of the high FA containing composites after 3 days 
highlights the influence of the Mg2+ concentration on the onset of apatite 
formation, as the only composite containing low MgO content showed 
increase in the FWHM of the diffraction peaks. 
The XRD features of the low FA containing composites indicate that the initial 
glasses underwent structural changes and the growing of the initial FA 
phases was slow. Again this might be attributed to the differences of FA 
concentrations between the two series and the effect of Mg on apatite 
growth.  
 
 
    7.2.3.8 FTIR: 
 
The FTIR spectra of the high FA containing composites after 3 and 7 days 
immersion indicate that the parent glasses underwent structural changes and 
the FA phases have grown. The structural changes indicate that the SiO2 gel 
layer is formed due to polymerization and condensation of a SiO2-rich layer 
(Cao and Hench, 1996). Although similar modifications were seen in the 
FTIR spectra of the (14:1) series, the intensity of the two split bands at 610-
560 cm-1 is not comparable to that perceived in the spectra of (4:1) series. 
This is ascribed to the difference in the FA loadings. The latter feature is 
particularly seen in the FTIR spectra of the composites having medium and 
high MgO content namely (16.13%-FA) and (22.13%-FA). This could be 
ascribed mainly to the effect of Mg and to a lesser extent the low 
concentration of FA. These findings are consistent with pH changes of this 
series, where composites with the highest MgO content have a lower pH 
value; therefore, it has less ability to form apatite in Tris-buffer solution.   
 
    7.2. 4 Coating of MgF2-FA series 
   7.2.4.1Characterization of Initial glass coating: 
   7.2.4.1.1 XRD: 
 
The presence of the amorphous structure in the XRD analyses of the high FA 
containing composite coatings indicates that this phase is preserved during 
the coating procedure, which means that the coating process has been 
performed efficiently and under appropriate firing parameters without 
crystallising the glass. Maintaining the amorphous phase in the composite 
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structure during the coating process is very important for bioactivity as 
discussed previously.  
The presence of diffraction peaks is due to the addition of FA to the initial 
glass powder. However, the amplitude of the diffraction peaks of the 
composite coatings is slightly higher than that of the composite powder. This 
might indicate growth of the initial crystal phases during the firing cycle.  
The dissimilarities in the XRD patterns of the glass powder and coatings of 
the (14:1) series indicate that the crystal phases have grown and their crystal 
sizes increased during firing cycle. It is thought that magnesium suppresses 
crystallization from occurring. However, these findings mean that the 
inhibitory effect of Mg on the crystallization was overcome by the effect of FA 
crystals. 
 
    7.2.4.1.2 FTIR: 
 
The FTIR spectra of the high and low FA containing composites showed that 
the structure of these composite coatings contain amorphous and crystal 
forms. However, the distortion that seen at 1048-905 cm-1 of the composite 
coatings containing high FA might be attributed to the thermal strain that 
developed during coating process.   
In conclusion, the XRD and FTIR spectra of the high and low FA containing 
composite coatings are consistent and both analyses confirm that the 
composite coating consists of amorphous and crystalline phases. 
The opacity of the high FA containing composite coatings is due to the large 
number of apatite particles that increased light scattering. By contrast, the 
transparency of the low FA containing composite coatings means that the 
crystal size is still below the light wavelength and cannot absorb the light, and 
the amorphous state domains in the coating structure.  
 
    7.2.4.1.3 SEM-EDS of glass coating: 
A- SEM-EDS of coating surface: 
The TEC of the initial QMF11 (22.13%) glass is close to that of titanium 
(11.25 x10-6/oC and 9.4-10.3x10-6/oC). This might reduce the 
thermomechanical stresses that developed during the cooling phase and 
consequent cracks formation. It should be pointed out that the melting 
temperature of FA is higher (1630oC) than the softening temperature of the 
initial glass (671oC). Therefore, during firing cycle FA particles would be 
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embedded in the softening glass and their shape preserved. Thereby, it 
would be expected that the addition of FA crystals increases the roughness 
of the coating surface.  
Presumably, the concentrations of Ca2+, P and F- increased after addition of 
FA; however, the line scan analysis of the composite coating surface is 
similar to that of the initial glass (QMF11-22.13 mol%). Besides, only one 
spectrum of the line scan analysis showed that the concentrations of Ca2+ 
and P are higher than that of Si, which is consistent with FA profile. This 
indicates that the composite deposited on the titanium substrate comprises 
two phases (glassy and crystalline). This finding is in agreement with XRD 
and FTIR spectra, which revealed that the composite coating consists of two 
phases.  
Interestingly, the line scan analysis cannot detect fluorine despite its 
concentration having increased after adding FA crystals. Again this might be 
attributed to the low atomic number of fluorine compared with other elements.  
The TEC of QMF8 (16.13 mol%) is slightly higher than that of titanium 
(11.7x10-6 and 9.4-10.3x10-6 /oC, respectively). However, no evidence of 
cracks was observed in the micrograph of this composite coating. The 
absence of cracks could be attributed to the interdiffusion phenomenon 
between the coating and the underlying substrate (discussed later). 
Although this coating contains FA crystals, the viscous phase sintering 
seems to be implemented efficiently and successfully. This is evidenced from 
the presence of very few tiny pores in the SEM micrograph of the coating 
surface. Additionally, the whitish particles, which are assumed to be FA 
particles, are less than that seen in the SEM micrograph of the previous 
coating. This reflects the difference of FA loading between this coating and 
the high FA containing composite coating. 
The results of the line scan analysis of this coating are similar to that of the 
QMF11 (22.13 mol%)-FA (4:1) composite coating. Notably, the profile of the 
line scan analysis in the first spectrum showed that the highest elemental 
concentrations are designated for Ca2+ and P. Again this indicates that FA 
crystals are incorporated into the glass matrix without being melted. 
Expectedly, the fluorine concentration cannot be detected by the line scan 
analysis, explained previously. 
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B- SEM-EDS of composite-metal interface: 
The absence of porosity in the backscattered images of composite coating 
QMF11 (22.13%)-FA (4:1) suggests that there is little, if any detrimental 
chemical reactions occurring at the glass-metal interface during firing cycle. 
However, a little gap can be seen between the composite coating and the 
underlying substrate in some places. 
The presence of small gap between the composite coating QMF8 (16.13 %)-
FA (14:1) and the metal represents the distance of the elemental 
interdiffusion and the chemical bond between the two phases. Notably, the 
composite-metal interface (the gap) of this coating is less than that of the 
previous coating. This might indicate that the sintering process of the low 
containing FA crystals is better than the high FA containing composites.  
The difference in the thickness of this coating and the QMF11 (22.13%)-FA 
could be attributed to the difference in the concentrations of the loaded FA 
crystals. The wide range in the coating thickness of QMF8 (16.13 %)-FA 
could be attributed to the precipitation technique that is used to deposit the 
composite powder on the titanium disk. The uneven sedimentation of the 
composite powder on the titanium disk is considered one of the 
disadvantages of the precipitation technique. The inability of the line scan to 
detect FA implies that the FA particles engrossed incompletely within the 
glass matrix.  
 
   7.2.4.2 The composite- metal interface: 
 
Sintering or densification is the process of formation of homogenous melt 
from the coalescence of solid particles under the effect of surface tension 
(Bellehumeur et al., 1998). By adding FA crystals to the initial glass powder, 
two phases are formed, a glassy and crystalline phases, as observed in XRD 
and FTIR spectra. Green, 1998 stated that the amorphous solids share the 
property of viscous flow with liquids. Therefore, the glass particles have a 
higher tendency for sintering compared with crystalline matrices (Bordia and 
Raj, 1986). By contrast, the crystalline solids are sintered by solid state 
diffusion (Shilo et al., 2003). The latter process necessitates a higher 
temperature and long-time compared with the former, which needs 
temperature above the glass transition temperature. These differences 
render the coating process of composite material is more complicated. 
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Therefore, the effect of FA crystals on sintering process of glass particles 
was taken into account during coating procedure. 
The weak composite-metal adhesion of the FA series compared to MgO 
coatings is attributed to the effect of fluoride, as the concentration of this 
element increased after addition of FA crystals, hence the TEC of the initial 
glass increases. In addition, the difference of TEC between the initial glass 
and FA could generate thermal stresses between the two phases. Therefore, 
this might be another factor that impedes the sintering process and 
undermine the composite-metal adhesion indirectly. 
However, the elemental line scan analyses across the composite-metal 
interface of these coatings show the presence of the elemental interdiffusion 
phenomenon. This phenomenon is important to reduce the effect of tensile 
stresses. In addition, there is no evidence of interruption in the line scan 
analyses of the coating surface. This feature indicates that the FA crystals 
embedded within the glass matrix and hence, reduces the effect of residual 
stress between the FA crystals and the initial glass. Nevertheless, the effect 
of elemental interdiffusion and fusion of FA crystal within the glass might be 
affected by the FA concentration in the composite coating. This is evident 
from the results of the scratching tests, as the low FA loading composite 
coating exhibits better adhesion compared with the high FA containing 
coating.  
The difference in the type of silicide layer between the high and low FA 
containing composite coatings could be attributed to the difference in the 
firing parameters that were used during the fabrication of these coatings. 
However, SEM micrographs and the line scan analyses of these coatings do 
not show evidence of TiSi layer formation. This indicates that the thickness of 
TiSi layer might be below the detection level of SEM-EDS or the layer could 
be adhered to the detached coatings. 
The inability of SEM-EDS to detect the TiO2 layer points out that this layer is 
nano-sized due to the use of vacuum, which reduces the oxidation and 
crystallization from occurring (Bibby et al., 2004).  
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    7.2.4.3 Bioactivity test of composite coatings:  
    7.2.4.3.1 pH changes: 
 
The lowest pH values of the Tris-buffer and SBF of the composite coating 
containing high MgO content could be due to the high MgO content of this 
coating and the associated high fluoride dissolution rate compared with other 
coatings. As discussed previously, fluoride ions usually complex bivalent ions 
such as Ca2+ and Mg2+ in the glass structure. 
Although there is a considerable debate about the effect of Mg on the glass 
bioactivity, it is generally agreed that it reduces the glass dissolution rate. 
Fluoride, on the other hand, replaces OH- groups in the solution hence 
buffering the alkalinity of the solution. For these reasons, the pH value of the 
composite coating bearing high MgO content has a low pH value compared 
with other coatings. Interestingly, the difference between pH value of the high 
and low FA containing composite coating is minimal (7.86 and 7.92, 
respectively). This suggests that pH value of the solution is affected to a 
lesser extent by FA concentration, probably due to the low dissolution rate of 
these apatite phases. 
 
   7.2.4.3.2 Fluoride analysis: 
 
The positive correlation between the released fluoride and MgO content of 
the (4:1) series because fluoride in the glass structure is usually associated 
with divalent cations such as Mg2+ and Ca2+. Therefore, the amount of 
fluoride released increases as the concentration of magnesium increased in 
the composite. 
The profile of the released fluoride of the low FA containing composite 
coatings was unexpected, as the ionic release of fluoride is associated with 
MgO content. This could be attributed to the surface texture of the composite 
coating with high MgO content and consequent effect on the dissolution 
process (discussed later). The findings of released fluoride  is consistent with 
the pH values of the low and high FA containing composites, as the pH of the 
low FA composites(14:1) is higher than that of the high FA composites (7.92 
and 7.86, respectively). These results imply that the pH of the low FA 
composites coatings is more alkaline; hence there is more opportunity for 
apatite growing with regard to the high FA composite coatings. However, the 
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differences of the FA concentrations between the two series and the 
corresponding nucleation sites must be considered. 
Notably, the difference of the pH values between the two FA sets is minimal. 
This might be associated with the structure of the composite coatings, as the 
composite coatings (4:1) crystallized more than the (14:1) series. This is 
evident from the XRD, FTIR spectra and the optical appearance of these 
coatings. Therefore the solubility of the high FA containing composite 
coatings is less than the second series and the resultant pH differences 
appeared minimum. 
Again, the insignificant differences in the amount of released fluoride in SBF 
of the two FA set could be ascribed to the structure of the composite coatings 
and its effect on the dissolution process. 
 
    7.2.4.3.3 ICPanalysis: 
    7.2.4.3.3.1 Tris-buffer solution studies: 
 
The increase of Ca2+ concentration might be attributed to the incorporation of 
FA with glass powder. This result is unexpected, as the partial substitution of 
MgO for CaO in the initial glass composition would decrease the 
concentration of Ca2+. The increase in Mg concentration is due to increase 
Mg2+ concentration in the initial glass composition. The inability of ICP to 
detect P indicates that this element might have been incorporated into the 
growing apatite phases. As discussed previously, when Si reaches its 
solubility limit; silica-gel layer will form and the concentration of P drops 
down. In fact, the formation of silica-gel layer on the glass surface is thought 
to be a pre-requisite for apatite formation (Ohtuski et al., 1992; Kokubo, 
1990). However, these findings might indicate that the initial FA phases acts 
as nucleating sites for growing of apatite phases, rather than the formation of 
new apatite phases. This is applicable for the low and medium MgO 
containing composites. Concerning the (22.13 mol%) MgO containing 
composite coating, the low concentration of Ca2+ , Mg2+ and Si in the solution 
could be ascribed to the texture (surface area) of the coating. As this coating 
has a TEC close to that of titanium, and less residual stresses would expect 
to be generated during the cooling cycle. Therefore, fewer cracks would form 
and a lower dissolution rate of this composite coating compared with other 
coatings.  
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The ionic dissolution of the low FA containing composite coatings is 
consistent with that of high FA containing composite coatings. However, the 
profile of Si indicates that a silica-gel layer did not probably form since Si had 
not reached its solubility limit. Again, this suggests that the initial FA phases 
act as nucleation sites and the apatite phases were grown instead of being 
formed.  
 
    
    7.2.4.3.3.2 SBF studies: 
 
The decrease in Ca concentration of the (4:1) series could be attributed to 
the incorporation of this ion in the developing apatite phases or partial 
replacement of MgO for CaO in the initial glass composition. The 
concentration of Mg increased in the initial glass composition, discussed 
previously. In addition, Mg2+ is included in the basic composition of SBF. The 
trend of P, on the other hand, indicates that phosphate was consumed for 
apatite growth, since the concentration of this ion is insignificant in SBF. The 
trend of Si means that the silica-gel layer was not formed. Again, this 
suggests that the changes that were seen in XRD and FTIR spectra may be 
associated with growing of the FA phases rather than formation of new 
apatite phases. 
Although the ionic dissolution of the low FA set is different from the high FA 
containing composite coatings, the concentration of Si did not reach the 
solubility limit. It has been shown that the solubility of Si arises with 
increasing MgO content (Oliveira et al., 2002).  The ionic dissolution of the 
composite coating containing high MgO is different from other coatings. 
Again, this might be associated with the surface texture (surface area) of this 
coating and consequent effect on the solubility of this coating. These findings 
are in agreement with that observed in XRD and FTIR, as both analyses 
indicate that this coating did not show evidence of growth or formation of 
apatite phase in SBF. 
It is worth mentioning that the ionic dissolution of the high (4:1) and low 
(14:1) FA containing composite coatings is consistent with pH changes of 
Tris-buffer solution and SBF. This is evident from the high measured 
concentrations of Ca2+, Mg2+ and Si of the composite coating containing 
(9.93 and 16.13 mol%) MgO compared to composite coatings containing 
(22.13 mol%) MgO. 
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   7.2.4.3.4 XRD: 
   7.2.4.3.4.1 (4:1) composite coatings: 
 
The increase FWHM of the diffraction peaks of the high FA containing 
composite coatings after Tris-buffer and SBF immersion indicates that the 
crystal sizes increase and being more able to diffract X-ray. However, this 
feature is less pronounced in the XRD patterns of the high MgO containing 
coating (22.13 mol%). This could be attributed to the high Mg content of this 
composite coating compared with other coatings. This is despite the fact that 
this coating contains FA crystals, which are supposed to improve the apatite 
forming and growing ability of this composite coating. This denotes that the 
growing of the initial FA crystals depends primarily on the ionic dissolution of 
the glass and the glass bioactivity is still governed by the effect of Mg. 
The disappearance of the amorphous halo highlights that the initial glass 
underwent structural changes that led to the formation of silica-gel layer. As 
discussed previously, the formation of this layer is important for apatite 
deposition according to Hench’s mechanism. These modifications are 
resulting from the ionic dissolution of the parent glasses, which supply the 
essential ions for apatite growth 
The increase in the intensity of the diffraction peaks at 15-25o, 2θ is further 
evidence for the degradation and dissolution of the parent glasses after SBF 
immersion. The inability to observe such a feature after immersion in Tris-
buffer solution could be ascribed to the buffering capacity of Tris-buffer 
solution and the chemical composition of SBF. 
 
   7.2.4.3.4.2(14:1) composite coatings: 
 
Although there is no huge difference between the XRD patterns of the low 
and high FA containing composite coatings, the feature of increasing the 
FWHM is less distinct in the XRD patterns of the high MgO containing 
coating of this series. Again this is attributed to the effect of Mg on the glass 
degradation and dissolution as explained previously. 
 
 
    7.2.4.3.5 FTIR: 
    7.2.4.3.5.1 (4:1) composite coatings: 
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The FTIR spectra of the high FA containing composite coatings showed the 
feature of apatite deposition and the formation of silica-gel layer apart from 
QMF(22.16 mol%). This could be ascribed to the high MgO content of this 
composite and the initial Mg2+ concentration in SBF. These findings are 
consistent with that observed in the XRD patterns of this composite coating. 
 
   
    7.2.4.3.5.2 (14:1) composite coatings: 
 
The FTIR spectra of the high MgO containing composite coating after Tris-
buffer and SBF immersion is consistent with its parent composite coating. 
This is due to the high Mg content of this composite and the low FA loading. 
These findings suggest that the selected high FA concentration (4:1) is more 
able to induce the glass bioactivity in Tris-buffer solution; and the FA loading 
at 14:1 has no effect on the apatite forming ability of the composite coating 
containing (22.13 mol%) in both solutions. In other words, the high Mg 
concentration masked any effect of FA on the apatite forming ability of the 
initial glass. As explained previously, this is due to the effect of Mg, as it 
interferes with the glass dissolution and subsequent growth or formation of 
new apatite crystal phases. 
It is noteworthy that the FTIR spectra of the low FA (14:1) containing 
composite powder after 3 days immersion in Tris-buffer solution exhibit 
features of apatite growth. Therefore, the inability of the high MgO containing 
composite coating (22.13 mol%) to show evidence of apatite deposition might 
be associated with the coating structure and texture (surface area), high MgO 
content and low FA concentration. The effect of coating structure, TEC and 
cracks development , the MgO content and the role of FA on ionic dissolution 
and bioactivity have been discussed previously. 
 
    7.2.4.3.6 SEM-EDS: 
    7.2.4.3.6.1 Tris-buffer study: 
 
The SEM analyses of the high FA containing composite coating QMF8 
(16.13%)-FA (4:1) after 1 month immersion in Tris-buffer solution is 
consistent with XRD and FTIR findings of this composite coating. The 
difference in the thickness of the Ca-P layer that formed in Tris-buffer 
solution and SBF might be attributed to the buffering capacity of Tris-buffer 
solution and the chemical composition of SBF. 
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As discussed previously, the inclusion of crystal phases within the glassy 
matrix reduces the viscous flow sintering and consequent favours pore 
formation. Fabrication of a coating on titanium by an enamelling technique 
requires matching the TEC of the two phases. Otherwise tensile stresses can 
be developed at the composite-metal interface and consequent gap 
formation occurs. However, it is worth mentioning that the gap between the 
coating and the underlying substrate appeared superficially. The deep 
scanning of the composite-metal interface does not show a space and this 
might be associated with the elemental interdiffusion between the two 
phases. Therefore, this gap could be developed during the grinding and 
polishing process of the sample preparation for SEM investigation.  
The difference in the thickness of the Ca-P layer formed on the composite 
coating QMF11-FA (14:1) and QMF8-FA (4:1) could be attributed to the 
effect of Mg, as the initial glass (QMF11) contains a higher MgO content 
(22.13 mol %) compared with MgO content of QMF8(16.13 mol%). The SEM 
finding of this composite coating (QMF11-FA) is consistent with XRD but 
disagree with FTIR findings. This is because the FTIR spectra of this 
composite coating after 1 month immersion were matching that of the initial 
composite coating. As discussed previously, FTIR spectroscopy can probe 
the short range disordered structure more than the long range well-arranged 
crystal structure. In addition, the crystal size and quantity that formed on the 
coating surface might be below the detection level of the FTIR spectroscopy.   
It should be highlighted that this composite coating (QMF11-FA) contains 
high MgO content. Therefore, the TEC of this composite coating is fairly 
close to that of titanium; and hence a better adhesion can be seen between 
the composite coating and titanium substrate. In addition, it has been 
reported that partial substitution of MgO for CaO inhibits crystallization and 
improves the sintering process (Brink, 1997; Galliano and Lopez, 1995). 
Thereby, this composite coating exhibits a less porosity and a better 
sinterability compared with previous coatings. Furthermore, the FA loading of 
this composite coating is less than that of (4:1) coating. This might be 
considered another factor behind the cohesiveness and homogeneity of this 
coating with regards to the previous coating QMF8 (16.13%)-FA (4:1). 
 
    7.2.4.3.6.2 SBF 
 
       
348 
 
SEM micrographs of the coating-metal interface of the composite coating 
QMF8 (16.13%)-FA (4:1) is consistent with XRD and FTIR spectra of this 
coating, which demonstrate an apatite layer formed on the coating surface 
after 1 month immersion in SBF. The more thickness of the Ca-P layer that 
formed in SBF is ascribed to the chemical composition of SBF. The observed 
gap could be developed during grinding and polishing process and not due to 
FA concentration and TEC mismatching. 
The SEM micrograph of the composite QMF8 (16.13 mol%)-FA(14:1) coating 
showed similar feature to that seen in the previous coating. However, 
absence of the porosity at the glass-metal interface of the low FA composite 
coating QMF8 (16.13 mol%)-FA is ascribed to the low FA loading and better 
sintering of the initial glass particles. These findings indicate that this coating 
was able to form apatite in the SBF and Tris-buffer solution regardless the FA 
concentration.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
       
349 
 
 
 
 
 
   8. Cell culture 
   8.1. Results of cell culture 
    8.1.1 Cell attachment and cell morphology: 
 
The attachment of cells to titanium surfaces is an important step in clinical 
implant dentistry. The main concern in designing dental implants is that the 
surfaces should produce a desirable response in cells and tissues. In this 
study, cell adhesion, morphology and cell spreading on coated and uncoated 
titanium disks were evaluated after 5 days incubation.  
1. MgO series: SEM micrographs of the coated titanium disks of this series 
revealed very few UMR-106 cells on glass containing (7.8 mol%) MgO; 
whereas no cells were seen on the glass coatings bearing (14 and 20 mol%) 
MgO, as an example given in Figure 198. In contrast, osteoblast-like cells did 
grow on the polysterene plastic surfaces containing coating disks, as 
illustrated in Figure 199.  
 
Figure 198: SEM micrographs of (A) osteoblast-like cells and (B) fibroblast cells 
attached to glass coating QM5 (7.8 mol%) after 5 days in culture. 
 
 
A 
A B 
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Interestingly, the glass coatings of this series showed a compatibility 
environment to fibroblast cells after 1, 2, 5 days plating. This is despite the 
fact that these glass coatings have rough and cracked surfaces optically. 
 
 
 
 
 
 
 
 
 
Figure 199: (A) SEM micrograph of glass coating QM11(20 mol%) after 5 days 
culturing osteoblast  and (B) osteoblast-like cells growing on plastic containing disk 
after 5 days in culture well containing the same glass coating. 
 
 
The cells are attached on the surface by a thin cytoplasmic digitation or 
filopodia. However, the cell body might or might not attach to the coating 
surface. The other noticeable feature is that fibroblast cells that attached onto 
glass coatings QM5 (7.8 mol%) and QM8 (14 mol%) have multiple 
projections extended in different directions. By contrast, no protrusions were 
formed around the cultured cells on glass coating QM11 (20 mol%).  
In conclusion, the glass coatings of this series are selectively biocompatible, 
the feature which might be advantegeous for certain biomedical applications. 
 
2. CaF2 series: SEM micrographs indicate that both glass coatings (2.4 and 
9.11 mol%) CaF2 showed a suitable environment for osteoblast-like adhesion 
and spreading, as illustrated in Figure 200. However, fewer osteoblast-like 
cells were observed on the glass coating containing (9.11%) CaF2 compared 
B A 
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with glass coating (2.4%). It is interesting to highlight that cells have grown 
enormously on polystyrene plastic dishes containing disks.  
 
Figure 200: SEM micrographs of osteoblast-like cells attached to glass coating MQM8 
(9.11 mol%) (A) at low and (B) higher magnification. 
 
 
Interestingly, fibroblast cells were able to grow and proliferate on the glass 
coating containing (2.4 mol%) CaF2. By contrast, the glass coating containing 
(9.11 mol%) CaF2 exhibited a non-compatible environment to fibroblast cells, 
as shown in Figure 201.  
 
Figure 201: (A) SEM micrographs of glass coating MQM8 (9.11 mol%) after 3 days 
culturing with fibroblast cells and (B) fibroblast cells growing on polystyrene plastic 
dish containing disk. 
 
A B 
A B 
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Fibroblast cells; however, proliferate enormously on the plastic containing 
disks at the same time points.  The cells adhered comfortably on the glass 
coating (2.4 mol%-CaF2) and exhibited a spindle or triangular shape. Again 
the cells attached to the coating surface by filopodia or lamillopodia. 
 
3. MgF2 series: The glass coatings of this series showed features of 
biocompatibility. Osteoblast-like cells attached, spread and proliferated on 
surfaces of the glass coatings.   
 
 
Figure 202: SEM micrographs of (A) osteoblast-like cells and (B) fibroblast cells 
attached to glass coating QMF8 (16.13 mol%). 
 
 
The attached osteoblast-like cells tend to be flattened and elongated and 
adhered to the coating surfaces by filopodia. The cell body was in intimate 
contact with the coating surfaces and even sometimes partially embedded. 
Lamellar projections have been seen around the cells that attached to glass 
coatings QMF5 (9.93 mol%) and QMF7 (13.13 mol%). In contrast, 
osteoblast-like cells attached to other glass coatings did not show such 
projections.  However, it is noted that the cell population on glass coating 
QMF11 (22.13 mol%) is lower than other coatings. Figure 202A 
demonstrates osteoblast-like cell attachment to glass coating QMF8 (16.13 
mol%). 
The glass coatings of this series exhibited a suitable environment for growing 
and proliferation of fibroblast cells. These cells attached and spread on the 
glass coatings. Morphologically, the cell has a triangular or spindle shape 
A 
B 
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with well-demarcated edges and few filaments protruding from the cell body, 
as an example shown in figure 202B. 
      
4. MgF2-FA (4-1):  SEM observations showed that osteoblast-like cells 
adhered and spread on composite coatings QMF5 (9.93%)-FA and QMF8 
(16.13%)-FA; whereas few cells were seen attached and spread on 
composite coating QMF11 (22.13%)-FA.  
 
Figure 203: SEM micrographs of (A) osteoblast-like cells and (B) fibroblast attached to 
composite coating QMF8 (16.13%)-FA(4:1) after 5 days in culture. 
 
  
Morphologically, the attached cells seemed to be flattened and triangular with 
well demarcated edges. These cells attached to the coating surfaces by 
filopodia and the cell bodies appeared to be in close contact with coating 
surface. However, the attached osteoblast-like cells onto composite coating 
QMF8 (16.13%)-FA have irregular shape with few lamellae protruding around 
the cell body. 
The composite coating QMF8 (16.13%)-FA showed a friendly environment to 
fibroblast cells. These cells attached and proliferated on the composite 
coating despite the fact that the coating surface was quite rough due to the 
presence of irregular pits. The fibroblast cells exhibited a triangular shape 
with well demarcated margins. However, the cell body might or might not 
adhere to the coating surface. Figure 203 represents osteoblast-like cells and 
fibroblast cells adhesion on composite coating QMF8 (16.13%)-FA. 
 
A B 
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5. MgF2-FA (14-1): The composite coatings of this series showed different 
features of biocompatibility to osteoblast-like cells. However, the composite 
coating QMF5 (9.93%)-FA was highly compatible with osteoblast-like cells 
compared with other coatings. Therefore, the biocompatibility of composite 
coating QMF5 (9.93%)-FA has been studied after 2, 5, 10 and 14 days. This 
coating (QMF5 (9.93%)-FA) showed a suitable environment for attachment 
and growth of osteoblast-like cells at these different time points. 
Nevertheless, it has been noted that the position of the cells in relation to the 
coating surface is different with incubation time, as described in Figure 204. 
QMF8 (16.13%)-FA and QMF11-FA, on the other hand, were bio-
incompatible to osteoblast-like cells. This is despite the fact that these 
composite coatings containing FA crystals. Nevertheless, few living and dead 
cells have been seen scattered all over the surface of composite coating 
QMF11-FA. The viable cells have a triangular shape and attached to the 
coating surface by filopodia. The edges can be seen clearly and no lamellar 
projections can be observed.  
Although the composite coating of this series showed different level of 
biocompatibility, the cells have proliferated on the polystyrene plastic dishes 
containing the coated disks.  
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Figure 204: SEM micrographs of osteoblast-like cells attached to composite coating 
QMF5(9.93%)-FA(14:1) after (A) 2 days (B) 5 days (C) 10 days and (D) 14 days in 
culture.  
  
 
Similar to the previous FA series, the composite coating QMF8 (16.13%)-FA 
presented a suitable substrate for attachment and growth of fibroblast cells. 
However, on the low FA containing composite coating, cells were greater in 
number attached and spread more compared with that of (4:1) series.   
 
   8.1.2 Mineralization assay: 
 
A 
A 
D C 
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The Alizarin Red S staining of the (MgO) series showed 1-2 small disecrete 
colonies of bone-like nodules on the glass coating QM5 (7.8 mol%). SEM 
observations of both glass coatings of CaF2 series demonstrated mineralised 
nodule formation. However, the number of bone nodules observed on glass 
coating bearing (2.44 mol%) CaF2 was more than that of glass coating (9.11 
mol%-CaF2). The quantification of bone nodules on these glass coatings is 
fairly difficult, as these nodules were different in size and thickness. The bone 
nodules on the glass coating (2.44%) were discrete and exhibited a 
honeycomb, trabecular patterns.  
 
Figure 205: (A&C) SEM micrograph of bone nodules formed on the glass coating 
QMF7 (13.13 mol%) and uncoated Ti disk after 5 weeks culturing in mineralised 
medium. (B&D) light microscopic views of mineralization by Alizarin Red S staining: 
mineralised bone nodules showed dark red staining. 
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SEM micrograph of the glass coating QMF5 (9.93 mol%) demonstrated an 
extensive bone-like nodule formation compared with other glass coatings. 
Alizarin Red S staining revealed no evidence of bone nodules on glass 
coating QMF11 (22.13 mol%). Figure 205A&B demonstrates bone nodule 
formation on glass coating QMF7 (13.13 mol%) before and after staining with 
Alizarin S stain. Any nonspecific staining, i.e. staining glasses not previously 
seeded with cells was absent. These findings suggest that any staining 
observed on cell cultured disks is associated with osteoblast-like derived 
mineralisation and not due to the coating composition.      
The glass FA composites with (4:1) ratio showed colonies of mineralised 
nodules, QMF5 (9.93%)-FA has the highest colonies followed by QM8 
(16.13%)-FA composite. The colonies of mineralised bone nodules on the 
glass coating (9.93%) and (16.13%)-FA (4:1) were large interrelated and 
have califlower appearance. The Alizarin Red S staining of the composite 
coating with high MgO content (22.13 mol%) showed 2-3 small isolated 
colonies of bone-like nodules.   
Bone-like nodules were seen on the composite coating (9.93%)-FA (14:1) 
and exhibited similar features to that seen on the composite coatings (4:1) 
series. Other composite coatings containing relatively high MgO content of 
(14:1) series were excluded, as osteoblast-like cells failed to attach and 
spread on these coatings.  
Pure titanium disks, which are used as a control group showed localised and 
interconnected mineralised areas compared with that found on glass or 
composite coatings. However, diffused area of bone nodule colonies also can 
be seen before and after Alizarin Red S staining, as illustrated in Figure 205 
(C&D).   
   8.1.3 Alkalin phosphatase (ALP) activity-Qualitative assay:  
 
All the glass coatings that showed bone nodule formation demonstrated a 
purple precipitate. This precipitate indicates ALP activity and the ability of 
these cells to form bone-like nodules on the glass coating surface. Similar 
features have been seen on uncoated pure titanium disk. Cell-free coatings 
were also assessed by this technique for the purpose of comparison with the 
cell-seeded coatings, as shown in Figure 206. Glass coatings that did not 
show evidence of bone nodule formation were excluded.  
A 
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Figure 206: (A) Light microscopy images showing ALP activity of osteoblast cells on 
glass coating QMF7(13.13 mol%) (B) control-coating-free cells (the glass coating does 
not have cells to convert stain to an insulble precipitate). 
 
 
    8.1.4 ALP activity-quantitative assay:  
 
In order to confirm the findings of the qualitative assay of ALP activity, a 
quantitative assay was carried out at three time points (6, 12 and 18 days).   
The MgO glass coatings were excluded, as Alizarin Red S staining of the 
glass coating QM5 (7.8%) showed 1-2 small colonies of mineralised tissues; 
and osteoblast-like cells failed to adhere to the other coatings of this series.  
The results of CaF2 glass coatings demonstrate that the glass with low CaF2 
content (2.44 mol%) showed high ALP activity compared to that containing 
9.11 mol% and uncoated disk.  
In general, the results of MgF2 glass coatings showed that the ALP activity 
was higher than that on uncoated pure titanium disk. In addition, the ALP 
activity of this series increased with the incubation time. The coating that 
promoted the highest ALP activity was the glass containing 16.13 mol% 
MgO.  
A B 
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Figure 207: ALP activity of high FA series (4:1) and uncoated Ti disk at different time 
points. 
 
Figure 207 demonstrates that the ALP activity of cells grown on the high FA 
(4:1) composite coatings increases with time. In addition, the ALP activity of 
the osteoblast-like cells seeded on these composite coatings was higher than 
that on the uncoated titanium disks. As explained previously, this might be 
ascribed to the high FA concentration of this series, which facilitates 
crystallization of the composite coating and consequent adhesion of 
osteoblast-like cells on these coatings. Interstingly, the composite coating 
with high MgO (22.13 mol%) exhibited increased  ALP activity with incubation 
time. The result of this composite coating was unexpected, as Alizarin Red S 
staining showed 2-3 small disconnected colonies of bone nodules on this 
composite coating compared with other coatings.  
The composite coating QMF5(9.93%)-FA with low FA loading was assessed 
and compared with uncoated titanium disks. The results showed that the ALP 
activity of this composite coating increased with time. Interstingly, the ALP 
activity of this coating was higher than that of uncoated titanium disks. The 
other composite coatings of this series were excluded, as osteoblast-like 
cells failed to attach onto these composite coatings. 
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    8.2 Discussion-Cell culture studies 
    8.2.1 Introduction 
 
To asses the suitability for skeletal implants, a number of studies have 
investigated the biocompatibility of bioactive glasses with osteoblast-like cells 
(Malik et al., 1992; Alliot-Lich et al., 1991; Gough et al., 2004). It was found 
that the original 45S5 Bioglass® influences cell metabolic activity (Foppiano 
et al., 2007; Jell and Stevens, 2006; Xynose et al., 2000). In fact, bioactive 
glasses undergo a surface reaction and form a surface hydroxycarbonate 
apatite layer when exposed to biological fluids. It is thought that the surface 
apatite layer plays an important role in the attachment of proteins, such as 
fibronectin and vitronectin, which promotes osteoblast-like cells adhesion and 
proliferation (Hench et al., 1971, Hench and Paschall, 1973). Therefore these 
glasses can form a direct chemical bond with bone. 
There is evidence indicating that the ionic dissolution products of bioactive 
glass stimulate osteoblast-like cells proliferation and diffrentiation (Hattar et 
al., 2002) and bone formation in vitro (Xynos et al., 2000; Tsigkou et al., 
2009). Recently, Varanasi et al., 2009 have shown that the ionic dissolution 
of bioactive glass coatings enhance osteoblast-like cells behaviour at the 
gene, protein and bone matrix level. Therefore, it is suggested that the 
increased bone formation is due to a direct cell-substrate contact and ionic 
dissolution of these glasses (Gentleman and Polak, 2006).  
A positive correlation between cell adhesion and material surface roughness 
has been reported (Linez-Batataillon et al., 2002). It is well-known that 
osteoblast- like cells attach readily to, and differentiate more, on rough 
surfaces (Ellingsen and Lyngstadaas, 2003; Batzer et al., 1998; Lohmann et 
al., 1999). These surfaces provide a greater surface area for protein 
adsorption and tend to preferentially adsorb more fibronectin (Deligianni et 
al., 2001). This protein is essential to promote cell adhesion and influences 
intracellular activities by rearrangement of actin microfilament cytoskeleton 
(Park et al., 2010). 
The surface of titanium dental implant should promote a firm contact with soft 
tissues and bone (Grill et al., 1997; Mustafa et al., 1998). Fibroblasts are one 
of the earliest cells to arrive at the implant surface during the healing phase. 
A correlation has been found between excessive persistent functions of these 
cells and formation of detrimental fibrous tissue capsule, which causes 
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implant failure. It is reported that the adhesion and proliferation of fibroblast 
cells decrease with nanometres surface features (Cohen et al., 2007; Miller 
et al., 2005). By contrast, the nanometre scale rough surfaces improve 
osteoblast-like cells attachment and growth (Puckett et al., 2008).   
 The biocompatibility of the glass/composite coatings with osteoblast-like 
cells was assessed using different cell culture techniques. The behaviour of 
osteoblast-like cells on different coating compositions and their osteogenic 
capability has been evaluated as well. Since dental implants are abutted to 
hard and soft tissues, the cytocompatibilty of the glass/composite coatings 
with both osteoblast-like cells and fibroblast cells was studied. 
 
    8.2.2 Cell attachment and cell morphology: 
 
1. MgO series: It is thought that magnesium improves osteoblast-like cells 
attachment and stability through interaction with transmembrane proteins 
called integrins (Zreiqat et al., 2002; Yamasaki Y et al., 2002). However, the 
findings of this series indicate that the biocompatibility level of the glass 
coatings decreases with increasing MgO content. It has been stated that 
surface apatite of bioactive glasses improves cell adhesion, as it can be 
recognised as a natural substrate by osteoblast-like cells (Olmo et al., 2003). 
Recent research showed that magnesium supresses the growth of surface 
apatite; as a result surface roughness will decrease since size of crystal 
apatite decreases (Ishikawa, et al., 2006). Therefore, the attachment and 
spreading of osteoblast-like cells on the glass coatings decrease with 
increasing MgO content. The findings of this series disagree with that found 
by (Chen et al., 2010; Saboori et al., 2009) where osteoblast-like cell 
proliferation and differentiation, ALP activity, and expression of osteogenic 
markers have been enhanced by addition of Mg into bioactive glasses.  
The growth of osteoblast cells on the polystyrene plastic surfaces containing 
coating disks indicates that the bio-incompatibility of these glass coatings is 
not associated with the composition of glass coating released into the culture 
media; rather, it may be ascribed to the microstructure of the glass coating.  
Notably, XRD patterns of these coatings revealed that the structure of QM5 
(7.8 mol%) glass is converted to crystal structure after coating procedure. In 
contrast, QM8 (14 mol%) and QM11 (20 mol%) glasses have mixed 
amorphous and crystal structure.  Hence, the crystal phases of the glass 
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coatings could be the main factor that influences the biological behaviour of 
osteoblast-like cells in this study. Kalmodia et al., 2010 postulated that the 
adhesion and spreading of osteoblast-like cells is affected by crystal content, 
size and shape. In other words, the bio-incompatibility of glass coatings 
containing (14 and 20 mol%) MgO is due to the effect of magnesium on the 
glass structure, rather than its compositional effect. The persistence of the 
amorphous phase after the coating process of the glass containing high MgO 
(14 and 20%) could be a possible cause of bio-incompatibility of these 
coatings. Many studies reported that amorphous biomaterials are more 
soluble than the crystalline ones (Le Geros, 1991; De Bruijn et al., 1992). 
Therefore, continuous dissolution and precipitation of the amorphous surface 
renders the surface highly dynamic, and prevents solid cell adhesion at the 
interface between bioactive glass and cell receptors. However, it has been 
stated that the amorphous calcium phosphate and poorly crystalline forms 
improve cell adhesion as a result of their high solubility (Resende et al., 
2010). In addition, in vitro studies showed that the extracellular matrix 
production and biomineralization were enhanced by amorphous Ca-P coating 
(Dekker et al., 2005). 
The biocompatibility of these glass coatings to fibroblast cells contradicts that 
found by (Hallab et al., 2001 and Kapanen et al., 2002) where fibroblast cells 
favour smooth surfaces. In addition, the difference of osteoblast-like cells and 
fibroblast responses to these glass coatings disagree with that found by 
(Baxter et al., 2002), where both these cells react similarly to different 
substrates. Morphologically, the attached osteoblast-like cells to QM5 (7.8 
mol%) glass coating appeared to be elongated, closely related to the coating 
surface with well demarcated edges. Fibroblast cells, on the other hand, were 
spindle and more flattened and the cell edges easily defined. 
 
2. CaF2 series: The micrographs show clearly that the surface of both glass 
coatings appeared rough with nano-sized pits. These topographical features 
might provide a suitable environment for cell adhesion and proliferation. The 
definite effect of rough surfaces on the adhesion and proliferation of 
osteoblast-like cells have been reported by many groups (Anselme et al., 
2010; Hamilton and Brunette, 2007; Wirth et al., 2008; Deligiani et al., 2001 
and Postiglione et al., 2004). The findings of this series disagree with that 
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found by (Bergandi et al., 2010), where they stated that fluoride containing 
bioactive glasses at (5, 10 and 15 mol %) was cytotoxic to osteoblast-like 
cells; whereas the glass containing 9.11 mol% CaF2 was biocompatible to 
osteoblast-like cells in this study. 
It is worth noting that XRD patterns of these glass coatings revealed a crystal 
structure. This feature is attributed to the effect of fluoride, as this element 
induces crystallization (Hill et al., 1992). However, XRD patterns of the glass 
coating containing (2.4 mol%) CaF2 showed amorphous and crystal structure 
compared to fully crystallised glass coating bearing (9.11 mol%) CaF2. XRD 
analyses of the crystal phases of these coatings indicate that these phases 
are associated with FA crystals. Brauer et al., 2010 stated that the addition of 
fluoride to the glass promotes the formation of FA crystals at the expense of 
HA. It was found that the presence of FA crystals in the coatings increased 
surface roughness (Bhadang and Gross, 2004). It would be expected, 
therefore, that these glass coatings exhibit more biocompatibility to 
osteoblast-like cells. 
The chemical composition of the glass coatings also has an influence on cell 
adhesion and spreading. Fluoride has a direct effect on osteoblast-like cells 
adhesion, and indirect effect on protein adsorption and subsequent cells 
adhesion (Cooper et al., 2006). Precipitation of calcium phosphate layer is 
another possible mechanism of indirect fluoride effect (Damen et al., 1991). 
This layer could influence local calcium level and cell adhesion (Chang et al., 
2000).  
The bio-incompatibility of glass coating (9.11%-CaF2) might be attributed to 
the greater surface roughness of this glass coating, as it is fully crystallised 
compared with glass coating bearing (2.4%) CaF2. In addition to that, the 
glass coating (9.11%-CaF2) has thermal expansion coefficient (TEC) higher 
than that of titanium substrate. The resultant cracks due to TEC mismatching 
increase the surface roughness of this coating and subsequently decrease 
the adhesion of fibroblast cells. 
The growing of fibroblast on the plastic containing disks highlights that the 
proliferation and growing of fibroblast cells was governed mainly by the 
coating structure, rather than the glass coating composition.  
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3. MgF2 series: The chemical composition of these coatings contains fluoride 
and magnesium. As discussed before, magnesium has an inhibitory effect on 
apatite growth. However, this effect could be masked by the effect of fluoride, 
as fluoride promotes crystallization. XRD analyses of the glass coatings 
showed that they have both amorphous and crystalline structure phases with 
the dominant phase being crystalline. However, XRD analysis of glass 
coating QMF7 (13.13 mol%) showed that the amorphous form is the principal 
phase and is still biocompatible to osteoblast-like cells. This indicates that not 
only the microstructure and composition have an effect on cells adhesion, but 
also there are other factors, such as surface topography (presence or 
absence of cracks) and crystal size. It should be pointed out that the glass 
coatings of this series have a glassy appearance optically. This means that 
the crystal size is nano-sized and below the light wavelength. 
The reduced biocompatibility of the glass coating containing high MgO 
content might be ascribed to the effect of magnesium, as this glass contains 
high MgO content (22.13%) compared to other glass coatings. Importantly, 
XRD patterns of QMF11 revealed a crystal structure. Nevertheless, the 
intensities of diffraction peaks are less pronounced compared to other 
coatings. Nano-scale crystal size will have little, if any, effect on surface 
roughness of this coating. 
 
4. MgF2-FA (4-1):   The biocompatibility of FA is comparable to that of HA. 
For this reason, it was expected that coatings of this series would be 
biocompatible, as it contains FA crystals. 
XRD analyses of this series confirm that the coating structure contains crystal 
phases. However, XRD patterns of QMF11 (22.13%)-FA showed that the 
amorphous phase is more dominant than the crystal form. Due to the high 
MgO content of this composite coating compared with other coatings. Only a 
few osteoblast-like cells attach onto this composite coating.  
Interestingly, the composite coating QMF11-FA was not as biocompatibile 
compared with the initial glass coating QMF11 (22.13%). This despite the 
fact that this coating contains more fluoride content compared with initial 
glass coating, due to the addition of FA crystals. Once again this difference 
might indicate that there are another factors influencing cell adhesion and 
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proliferation rather than just the coating structure and composition (e.g. 
presence or absence of microcracks). 
 
5. MgF2-FA (14-1): After 2 days culturing, osteoblast-like cells merged with 
the coating surface displaying indistinct edges. This might be due to the 
formation of silica-gel layer, which starts to engulf the attached cells. Due to 
the increase in the sol-gel layer thickness, the cells seemed to be embedded 
partially into the coating surface after 5 days. As the crystallization on the 
pre-formed sol-gel layer started, the edges of the cells were well-demarcated 
after 10 days; and the cells were triangular in shape, no evidence of lamellae 
around cell body. After 14 days, the cells are buried completely into the 
coating surface due to the growing of the newly formed or initial apatite 
phases. 
The bio-incompatibility of the composite coatings QMF8 (16.13%)-FA and 
QMF11-FA might be ascribed to the high MgO content of these composite 
coatings compared to QMF5 (9.93%)-FA. 
The growth of the cells on plastic containing disks indicates that the release 
of ionic components does not have effect on the adhesion and proliferation of 
the cells. Furthermore, an obvious relationship between the biocompatibility 
of these composite coatings and the effect of MgO content on glass structure 
can be drawn: Mg inhibits crystallization and consequenttly decreases 
surface roughness of the glass coating. Thereby, reducing osteoblast-like 
cells attachment to glass coating surface.    
It should be highlighted that the low FA composite coatings were more 
biocompatible to fibroblast compared with coatings containing high FA. The 
explanation of this difference is attributed to the low FA concentration and 
less surface roughness of the low FA bearing composite coating compared to 
other composite series. 
 
   8.2.3 Mineralization assay: 
 
In order to study the initiation and progression of mineralization, osteoblast-
like cells were cultured for 5 weeks in DMEM media under mineralizing 
conditions. These cells differentiated to form mineralised nodules on 
bioactive glass coatings. The Alizarin Red S staining and microscopic 
evaluation indicated that these nodules consisted of aggregated cells 
embedded in extracellular matrix. Research showed that osteoblast-like cells 
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proliferate to multi-layered foci after confluence (Ahmad et al., 1999). These 
foci develop into well-defined, three dimensional structures known as bone-
like mineralised nodules (Beresford et al., 1993; Bellows et al., 1987; 
Satomura et al., 1991). The mineralised bone nodules have similar 
ultrastructure and biochemical properties of woven bone (Ahmad et al., 
1999).  
Alizarin Red S has been used to investigate mineralization process (Puchtler 
et al., 1969; Lievremont et al., 1982; Stanford et al., 1995). Alizarin Red S 
stain can yield false results, due to the ability of this stain to bind to calcium in 
the glass composition. In addition to that, these glasses can react with 
aqueous solutions and form a superficial calcium-phosphate layer. For these 
reasons background test of glass coatings only (without cells) have been 
cultured under mineralised conditions. 
The result of MgO series is consistent with cell adhesion and proliferation 
assay, as few cells were seen on this glass coating. Other coatings were 
excluded as they were bio-incompatible to osteoblast-like sells. The findings 
of CaF2 glass coatings are consistent with that of cell adhesion and 
proliferation assay, as both coatings were biocompatible to osteoblast-like 
cells. Interestingly, the effect of MgO content of MgF2 glass series on bone 
nodule formation is very clear. The result of the glass coating containing high 
MgO content was expected, as this glass coating was less biocompatible to 
osteoblast-like cells compared with other coatings of this series.  
The result of the high MgO composite coating (4:1) is consistent with the cell 
attachment and spreading assay, as SEM observations showed few cells 
attached on this coating.  The mineralization assay of the composite coating 
(9.93%)-FA (14:1) was comparable to that of high FA containing composite 
coatings. This suggests that the FA concentration has little, if any effect on 
bone nodule formation. The mineralization assay of pure titanium disk 
showed similar feature to that of bioactive glass coatings. It has been 
reported that diffused mineralised nodules can be formed on bioactive 
glasses; whereas localised mineralised colonies can be found on titanium 
and its alloy (Foppiano et al., 2004). Nevertheless, quantification of the 
mineralised nodules is still mandatory to compare the effect of titanium and 
glass coatings separately on mineralised tissues formation. 
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    8.2.4 ALP activity-Qualitative assay: 
  
Research indicates that when human osteoblast-like cells are grown on 
bioactive glasses the activity of ALP is increased (Bosetti et al., 2003). The 
results revealed that the stain did not absorb by the glass coating and 
indicate that it is associated with ALP activity. It is worth noting that 
osteoblast-like cells behaved differently on different glass coatings. This is 
evidenced from the differences in the intensity of the purple precipitates 
among the glass coatings. This might be ascribed to the topographical 
feature of the coating surface or the glass composition, which might affect the 
biological behaviour of osteoblast-like cells (i.e. high ALP per cell- darker 
reaction product, or a higher density of cells with ALP activity- same intensity 
of reaction product-just more of it).   
 
    8.2.5 ALP activity-quantitative assay: 
  
The findings of CaF2 series are consistent with that of the mineralization 
assay, as the glass coating containing low (2.44 mol%) CaF2 exhibited 
diffused bone nodules compared with isolated and scattered nodules found 
on the coating having 9.11 mol% CaF2. The difference of the ALP activity 
between the two glass coatings could be ascribed to the fluoride 
concentration; as it was found that the effect of fluoride on ALP activity is a 
dose-dependent (Chae et al., 1999). However, studies showed that fluoride 
enhances cell proliferation, but it has no significant effect on ALP activity 
(Kim, et al., 2004 A&B).  
Interestingly, the ALP activity of the glass coating containing (2.44%) CaF2 
decreased after 18 days. It has been found that the maximum fluoride level 
that induces osteoblast-like cells in vitro ranged from 10 to100 µM (Wu et al., 
1997). Notably, the XRD patterns of this glass coating showed features of 
amorphous and crystalline structure, as a proportion of the initial glass 
underwent crystallization during coating procedure. As discussed previously, 
this is ascribed to the effect of fluoride, as it is thought that this element 
promotes crystallization. It is generally accepted that crystallization phase 
has a lower dissolution rate compared to the amorphous one. Therefore, the 
decrease of ALP activity after 18 days could be associated with the 
A 
D 
A 
C 
C 
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accumulative effect of fluoride on the osteoblast-like cells function; due to the 
slow dissolution of the crystallised component of the coating.  
The findings of MgF2 series could be attributed to the effect of fluoride on 
osteoblast-like cells activity. It is worth noting that the concentration of 
fluoride of this series was fixed at 1 mol%, which is less than that of the CaF2 
series. This means that less fluoride would be expected to release from the 
glass matrix and its effect is mainly on the coating structure. The findings of 
this series agreed with the qualitative mineralization assay, which showed 
that the glass coating bearing 16.13 mol% MgO exhibited diffused bone 
nodules.   
As explained previously, this might be ascribed to the high FA concentration 
of this series, which facilitates crystallization of the composite coating and 
consequent adhesion of osteoblast-like cells on these coatings. Interstingly, 
the composite coating with high MgO (22.13 mol%) exhibited increase ALP 
activity with incubation time. The result of this composite coating was 
unexpected, as Alizarin red staining showed 2-3 small disconnected colonies 
of bone nodules on this composite coating compared with other coatings. 
Conclusively, the findings of this series indicate that FA has an influence on 
mineralization and ALP activity, which are consistent with that found by Liu et 
al., 2010.      
Interestingly, the ALP activity of the composite coating QMF5(9.93%)-FA of 
the low FA series was higher than that of uncoated titanium disks. This 
difference could be ascribed to the effect of surface roughness of the 
composite coating due to FA crystals; compared with relatively smooth 
surface of titanium disks. 
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                                   9. Conclusion 
 
The development of bioactive glass coatings for titanium by an enamelling 
route is a technically and scientifically challenging area. The TEC of the glass 
has to be matched to titanium, the processing window has to be large to 
facilitate sintering, yet the bioactivity of the glass must not be compromised. 
The principal conclusion for different systems investigated are summarised 
below:  
1- MgO series: 
The partial substitution of MgO for CaO affects the thermal properties of the 
glasses. The inclusion of magnesium increases the temperature of peak 
crystallization, and decreases the glass transition temperature and increases 
the sintering window. The thermal expansion coefficient of the glasses 
decreases with increasing MgO content. The glass density and oxygen 
density both decrease with increased MgO content. However, whilst these 
properties are better for coating titanium implants, magnesium retards, but 
does not inhibit the apatite forming ability of the glasses. This is despite the 
fact that the MgO content has no significant effect on the pH of Tris-buffer 
and SBF. However, the pH values of both solutions increase with immersion 
time. The rate of ionic dissolution and glass degradation in Tris-buffer and 
SBF decreases with increasing magnesium content. 
 The adhesion of the glass coating to titanium substrate was promising. The 
pH profile of Tris-buffer and SBF with immersion time is consistent with that 
of glass powder. In general, the ionic dissolution of the glass coating is lower 
than that of glass powder. However, the MgO glass coatings were able to 
form apatite in SBF and exhibited structural changes in Tris-buffer solution, 
but with no evidence of apatite formation. The bioactivity assay of this series 
reveals that the role of solution saturation with Ca and P is important as that 
of silica-gel layer. These coatings were biocompatible to fibroblast cells and 
bio-incompatible to osteoblast-like cells; this is thought to be associated with 
the coating texture more than the glass composition. 
 
2- CaF2 series: 
The addition of a low concentration of CaF2 to the base MgO glass improves 
the apatite forming ability of the glass. However, the apatite forming ability of 
these glasses decreases with increasing CaF2 content. This is consistent 
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with the pH values of Tris-buffer and SBF, as these values decrease with 
CaF2 content. Nevertheless, the pH values increase proportionally with 
immersion time. The amount of released fluoride in Tris-buffer and SBF 
increased with CaF2 content. Yet, the amount of fluoride released in Tris-
buffer solution is higher than that of SBF after 1 month soaking. The 
dissolution of other ions was not affected by CaF2 content after 1 week 
immersion, but it did affect after 1 month. The temperature of peak 
crystallization and thermal expansion coefficient increase with CaF2 content; 
whereas the glass transition temperature and sintering windows decrease. 
Structurally, the glass density increases with increasing CaF2 concentrations. 
The adhesion of the CaF2 glass coating to the underlying substrate was 
satisfactory; though, glasses with high CaF2 content failed to adhere to the 
underlying substrate. The pH changes and the amount of fluoride released in 
Tris-buffer and SBF of the glass coatings are consistent with that of the glass 
powder. The glass coating containing 9.11 mol% CaF2 showed a clear 
evidence of apatite formation in SBF; whereas glass coating with low CaF2 
concentration exhibited structural changes with no evidence of apatite 
formation. Both glass coatings failed to develop a Ca-P layer in Tris-buffer 
solution. These glass coatings were biocompatible to osteoblast–like cells 
and fibroblast cells. Nevertheless, the biocompatibility of these coatings to 
fibroblast cells decreases with the CaF2 concentrations. Both glass coatings 
enhance bone nodule formation and ALP activity in vitro.  
 
3- MgF2 series: 
The effect of total substitution of MgO and MgF2 for ZnO on the thermal 
properties, thermal expansion coefficient and glass density of the MgF2 
series was consistent with that of MgO series. However, fluorine still has an 
effect on the glass network. This is evident from the high thermal expansion 
coefficient of this series compared to that of the MgO series. The pH values 
of Tris-buffer and SBF decrease significantly with MgO content; whereas 
increase with soaking time. The amount of released fluoride increased in 
Tris-buffer and SBF with MgO content. The ionic dissolution of other ions in 
Tris-buffer solution was not affected by MgO content. The glasses of this 
series were able to form apatite in Tris-buffer solution and SBF at short time 
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points. Though, glasses with ≥ 16.13 mol% MgO failed to form apatite at the 
short time points. 
The glass-metal adhesion was satisfactory and improves with increasing 
magnesium concentration. Yet, the coating-metal adhesion of this series is 
not comparable to that of MgO series. The pH trends of Tris-buffer and SBF 
are consistent with that of glass powder. The concentration of released 
fluoride increased in Tris-buffer and SBF after 1 month immersion. The trend 
of ionic dissolution of glass coatings in Tris-buffer and SBF are similar to that 
of glass powder. The glass coatings of this series showed evidence of apatite 
formation in Tris-buffer solution and SBF after 1 month immersion. The glass 
coatings were biocompatible to osteoblast and fibroblast cells. Nevertheless, 
the glass coatings containing high MgO content showed less biocompatibility 
to osteoblast like-cells compared to other glass coatings. The biocompatible 
glass coatings to osteoblast cells induce mineralised tissues formation and 
ALP activity.  
 
4- MgF2-FA series: 
Mixing FA crystals with the glass particles of selected glasses from the MgF2 
series improves bioactivity of these glasses. However, the glass dissolution 
and degradation still plays an essential role in apatite growth. In addition, the 
concentration of FA and magnesium has an influential role on bioactivity of 
the initial glasses. The pH profile of Tris-buffer solution increases with 
soaking time of the high and low FA containing composites. In contrast, the 
pH values of the solution disproportionate with MgO content. The released 
fluoride in Tris-buffer increases with MgO content. The measured amount of 
ionic released in Tris-buffer solution containing low FA composites is higher 
than that of the high FA composites. In this study, the seeded (added) apatite 
underwent crystal growth rather than the precipitation of new apatite phases. 
The attachment of the composite coating to titanium substrate was more 
satisfactory for the composite containing low glass/FA ratio compared with 
the high FA series. The pH trend of Tris-buffer with MgO content is consistent 
with that of the composite powder of both series. The measured fluoride in 
the Tris-buffer solution of the high FA containing composite coatings 
increases with MgO content; whereas it decreases in the Tris-buffer solution 
of the low FA series. The trend of ionic released in Tris-buffer is similar to 
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that in SBF; however, the concentration of the ions released in SBF is higher 
than that in Tris-buffer solution. The composite coatings showed evidence of 
bioactivity after 1 month immersion in SBF and Tris-buffer solution at the two 
FA ratios. These composite coatings were biocompatible to osteoblast and 
fibroblast cells. However, the biological behaviour of osteoblast cells is 
influenced by the concentration of FA, and probably by the increased surface 
roughness of the composite coatings. The biocompatible composite coatings 
stimulate bone nodules formation and ALP activity. 
 In general, incorporation of magnesium into the glass composition reduces 
the TEC of the glasses. Magnesium increases the working range of the 
glasses by supressing crystallization and reducing the glass transition 
temperature. Magnesium has a negative effect on the glass degradation and 
dissolution, and consequently on the glass bioactivity. The effect of 
magnesium makes the thermal properties of the glasses coinside with the 
criteria of coating fabrication.   
Fluoride improves the bioactivity of the glasses at low concentrations and at 
high concentration converts the glasses to bio-inactive materials. However, 
this element promotes crystallization and deteriorates the glass-metal 
adhesion, as it increases the TEC of the glass. Fluoride reduces the sintering 
windows and makes the glass particles less sinterable. Therefore, fluoride at 
the concentrations that have been used in the CaF2 series (≥ 2.44 mol%) was 
less effective to maintain and improve glass bioactivity. Substituting of MgF2 
and MgO for ZnO improves the thermal properties and bioactivity of the 
glasses.   
  Seeded FA crystals improve bioactivity and biocompatibility of the glasses. 
However, high FA concentrations have a negative impact on the glass 
sinterability and adhesion to the metallic substrate. The seeded apatite or the 
developed-apatite during coating procedure eliminates the role of silica-gel 
layer to act as a template for precipitation of surface apatite. The composite 
coatings were able to exhibit an apatite layer after 1 month immersion in SBF 
and Tris-buffer solution compared to that produced by Lopez-Esteban et al., 
2003 where an apatite layer was formed after 2 months immersion in SBF. 
The work of Lopez-Esteban and co-workers was promising to reduce TEC of 
the glass coating, but this was at the expense of the glass bioactivity.  In 
brief, the addition of FA maintains and improves the bioactivity of the glasses. 
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Table 15 summarises the bioactivity and biocompatibility of the 
glass/composite coatings.  
The individual application of these glass/composite coatings might be less 
effective as a coating of titanium dental implants. Therefore, using the MgO 
series as a first coating layer of matched TEC with a more bioactive glass is 
to coat with a higher TEC as a double layering technique might be 
advantageous for dental implants. However, the MgO glass coatings can be 
used individually in certain circumstances such as the neck of dental implant, 
as these coatings promote soft tissues adhesion, which is crucial in this 
component to prevent bacterial ingress and consequent development of peri-
implantitis.   
To achieve the aim of this project will require much more work. It is possible 
to generate glasses with TEC matched to titanium that adheres to the metal. 
However, the changes in the glass composition required for this reduces the 
bioactivity and biocompatibility. Conversely, increased bioactivity leads to a 
glass with inappropriate properties for a coating. To make bioglasses with 
enhanced bioactivity and better coating properties will be possible but the 
right composition still needs to be found.  
Whilst the glasses developed in this project are not ideal for coating titanium 
the compositions and data generated is valuable in the design of bioactive 
glasses for sintered tissue engineered scaffolds. 
                
 
          
Table 15: summery of bioactivity and biocompatibility of glass/composite coatings 
                    
                        
 
 
 
  Glass coating 
series 
Tris-buffer 
solution 
   SBF 
     Biocompatibility 
  Osteoblast      Fibroblast 
MgO     
CaF2     
MgF2     
MgF2-FA(4:1)     
MgF2-FA(14:1)     
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                       10. Suggestion of Future work 
 
1-The adhesion of the MgO glass series to titanium substrate was promising; 
however, their bioactivity was lost with MgO content. Therefore, mixing 
certain proportion of 45S5 glass particles or HA crystals to induce and 
improve bioactivity of these glasses.  
 
 2-The bioactivity of the MgF2 glasses containing low MgO content was 
promising; however, a considerable difference between thermal expansion 
coefficient of these glasses and titanium substrate was noted. Therefore, 
addition of compounds such as B2O3 to the glass composition might improve 
the thermal expansion coefficient of these glasses. 
 
3-Mixing FA crystals with MgF2 glasses improve glass bioactivity; however, 
the composite-metal adhesion was affected by the FA crystals. Therefore, 
using one of these composite coatings as a second layer with high MgO 
content of the MgO glass series as a ground layer (double layer technique).  
 
4-The efficacy of XRD and FTIR to detect surface apatite layer on bioactive 
glasses is limited and affected by the crystal size and quantity. Therefore, 
solid state NMR is recommended to investigate quantitively and qualitatively 
the apatite forming ability of the MgO, CaF2 and MgF2 glass series at 
different time points. 
 
5-The effect of ionic dissolution of the glasses/composites coatings on gene 
expression and other osteoblast-like cells differentiation markers 
(osteocalcin) is mandatory to find out the exact ion and its concentration that 
affecting osteoblast-like cells proliferation and differentiation. 
 
6-The anti-bacterial action of the glass/composite coatings on gram positive 
and gram negative anaerobic bacteria is also essential to detect the effect of 
these glass/composite coatings on the incidence of peri-implantitis. 
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